
 

 

 

Amine Functionalised Metal-Organic Frameworks 

for Carbon Dioxide Capture 

 

 

 

A thesis submitted to the Faculty of Science, Monash 

University, in fulfilment of the requirement for the degree of 

 

Doctor of Philosophy 

 

Christin Patzschke 

M.Sc. Chemistry, University of Leipzig, Germany 

 

 

School of Chemistry 

Monash University 

Australia 

2014 

 

   

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Notice 1  

Under the Copyright Act 1968, this thesis must be used only under the normal conditions 

of scholarly fair dealing. In particular no results or conclusions should be extracted from 

it, nor should it be copied or closely paraphrased in whole or in part without the written 

consent of the author. Proper written acknowledgement should be made for any assistance 

obtained from this thesis.  

 

Notice 2 

I certify that I have made all reasonable efforts to secure copyright permissions for third-

party content included in this thesis and have not knowingly added copyright content to my 

work without the owner’s permission. 

 



Declaration 

i 

 

Declaration  

 

Monash University 

Monash Research Graduate School 

Declaration for thesis based or partially based on conjointly published or 

unpublished work 

 

General Declaration 
 

In accordance with Monash University Doctorate Regulation 17 Doctor of Philosophy and 

Research Master’s regulations the following declarations are made: 

 

I hereby declare that this thesis contains no material which has been accepted for the award 

of any other degree or diploma at any university or equivalent institution and that, to the 

best of my knowledge and belief, this thesis contains no material previously published or 

written by another person, except where due reference is made in the text of the thesis.  

 

This thesis includes one original paper published in a peer reviewed journal and six 

unpublished publications. The core theme of the thesis is “Amine functionalised metal-

organic frameworks for carbon dioxide capture”. The ideas, development and writing up of 

all the papers in the thesis were the principal responsibility of myself, the candidate, 

working within the School of Chemistry under the supervision of Prof. Alan L. Chaffee 

and Prof. Stuart R. Batten. 

 

The inclusion of co-authors reflects the fact that the work came from active collaboration 

between researchers and acknowledges input into team-based research 

 

In the case of seven subchapters, as outlined in the following table, my contribution to the 

work involved the following: 

 

Thesis 

chapter 

Publication title Publication 

status* 

Nature and extent of 

candidate’s contribution 

3.3 Postsynthetic modification of 

MIL-100(Fe): an adsorption 

study 

Fully written, to 

be adjusted for 

submission to J 

Mater Chem A 

Proposed original idea, 

prepared and analysed 

samples, developed 

interpretations, fully drafted 

paper and conclusion. 

3.4 CO2 adsorption in 

postsynthetically modified 

MIL-101(Cr)-NH2 

Fully written, to 

be adjusted for 

submission to J 

Mater Chem A 

Proposed original idea; 

prepared and analysed 

samples; developed 

interpretations; fully 

drafted paper and 

conclusion. 



Declaration 

ii 

 

3.5 Postsynthetic modification of 

MIL-101(Al)-NH2 for CO2 

capture 

Fully written, to 

be adjusted for 

submission to J 

Mater Chem A 

Proposed original idea, 

prepared and analysed 

samples, developed 

interpretations, fully drafted 

paper and conclusion. 

3.6 Adsorption study on STA-

16(Co) 

Fully written, to 

be adjusted for 

submission to J 

Mater Chem A 

Proposed original idea, 

prepared and analysed 

samples, developed 

interpretations, fully drafted 

paper and conclusion. 

5.2 Effect of flue gas 

contaminants on the stability 

and the post-combustion CO2 

capture in MIL-101 

frameworks 

Fully written, to 

be adjusted for 

submission to 

Energy Environ. 

Sci. 

Proposed original idea, 

prepared and analysed 

samples, developed 

interpretations, fully drafted 

paper and conclusion. 

5.3 Adsorption of flue gas 

contaminants in MIL-

100(Fe), MIL-53(Al)-NH2 

and STA-16(Co) and their 

effect on the framework 

stability and CO2 uptake 

Fully written, to 

be adjusted for 

submission to 

Energy Environ. 

Sci. 

Proposed original idea, 

prepared and analysed 

samples, developed 

interpretations, fully drafted 

paper and conclusion. 

6.2/6.3 Formation of a Non-Porous 

Cobalt-Phosphonate 

Framework by small pH 

Change in the Preparation of 

the Microporous STA-16(Co) 

Published in 

CrystEngComm 

Proposed original idea, 

prepared and analysed 

sample (except single-

crystal XRD), drafted 

paper. 

 

I have / have not (circle that which applies) renumbered sections of submitted or published 

papers in order to generate a consistent presentation within the thesis. 

 

Signed:  ……………………………………………………………………… 
 

Date:   ……………………………… 

  



Abstract 

iii 

 

Abstract 

Adsorption-based methods, such as pressure swing adsorption (PSA) or vacuum swing 

adsorption (VSA), are promising for capturing CO2 from natural gas or flue gas. CO2 

adsorbents take a variety of forms, but one approach is the use of metal-organic 

frameworks (MOFs). These have attracted tremendous attention over the past decade due 

their porosity, high surface area, high pore volume, tuneable pore sizes and topologies. 

Previous studies on adsorbents of this type, such as CPO-27(Mg), HKUST-1, MOF-177 or 

MIL-101, have reported good CO2 adsorption capacities. Moreover, through introducing 

specific polar groups onto the organic linker or by grafting components onto 

coordinatively unsaturated sites (CUS) of specific MOFs, increases in the CO2 affinity 

have been observed, particularly at low pressure.  

This project investigated the potential of MOFs for post-combustion carbon capture and 

high pressure separation processes. Two classes of MOFs were chosen: 

1) MOFs containing CUS, which allow further postsynthetic modification (PSM) by 

grafting/impregnating these materials with amines. 

2) Flexible MOFs, due to their good selectivities and high CO2 capacities. 

Enhanced CO2 capacities were sought by two approaches or a combination of both: (i) 

prefunctionalisation of MIL-53 and MIL-101 (where substituent groups are incorporated 

into the linker unit before MOF construction) and (ii) postsynthetic modification (PSM) of 

MIL-100 and MIL-101 (where substituents like ethylenediamine (ED), diethylenetriamine 

(DETA), 2
nd

 generation polypropylenimine actamine dendrimer (DAB-AM-8) and 

polyethyleneimine (PEI) are added after MOF construction). 

In the first part of this study, MIL-100/MIL-110(Al), MIL-100(Fe), MIL-101(Cr)-NH2, 

MIL-101(Al)-NH2, MIL-53(Al)-NH2 and STA-16(Co) were synthesised and characterised 

by Fourier transform infrared spectroscopy (FTIR), powder X-ray diffraction (PXRD), 

elemental analysis, N2 sorption at -196 °C, helium density, scanning electron microscopy 

(SEM) and thermal decomposition. Despite the highly acidic environment during the 

preparation of MIL-100(Al), a 60:40 mixture with MIL-110(Al) was obtained in all cases. 

The formation of STA-16 was found to be strongly dependent on the pH. Slight changes in 

the pH resulted in the formation of a mixture with or pure phase of a new polymorphous 

MOF, denoted here as CoMOF. In contrast to the microporous character of STA-16(Co), 
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CoMOF is non-porous and therefore not applicable for CO2 capture. For this reason, no 

PSM on the CUS of MIL-100/MIL-110(Al) and STA-16(Co) were conducted. 

In the second part of this study, all MOFs (except CoMOF) were evaluated for their ability 

to capture CO2 by measuring adsorption equilibria in the temperature range of 25 to 

75/105 °C and a pressure range of 0 to 0.5 bar which is appropriate to the VSA process for 

post-combustion capture. Among them, MIL-53(Al)-NH2 was found to have the highest 

CO2 adsorption capacity in the studied pressure and temperature range, while the MOFs 

containing CUS showed lower adsorption capacities.  

In order to improve the capacities of MOFs containing CUS, PSM of MIL-100(Fe) and 

MIL-101(Cr/Al)-NH2 were performed. Despite slower kinetics after the modification of 

the MIL-101-NH2 frameworks, higher adsorption capacities were observed at pressures 

below 0.15 bar over the entire temperature range evaluated. A smaller impact of ED and 

DETA relative to PEI and DAB-AM-8 was expected due to the lower amine densities. 

However in comparison with the MOFs prior to PSM, the adsorption capacities were 

mostly lower or similar, suggesting that most of the amine groups inside the pores are not 

accessible for CO2. In other words, the results suggest that most of the pores were blocked. 

The maximum loadings of the amines used in this work were 150 wt% and 100 wt% for 

MIL-101(Cr)-NH2 and MIL-101(Al)-NH2, respectively. The best performing materials 

were MIL-101(Cr)-NH2-DAB-AM-8-145 and MIL-101(Al)-NH2-PEI-96. Despite the 

promising results for MIL-101(Al)-NH2 containing 96 wt% PEI, the similar loadings of 

DAB-AM-8 (94 wt%) and DETA (88 wt%) resulted in complete pore filling and 

consequent reductions in CO2 adsorption capacities at low pressures. While PSM of MIL-

101 frameworks showed promising results, the increase in CO2 adsorption capacity in 

PSM MIL-100(Fe) was relatively limited. One reason for this is the lower pore volume of 

the latter MOF, which decreases the amount of amine that can be incorporated. It was also 

found that the ED modified MIL-100(Fe) performed better than the PEI modified 

analogue; this result is probably due to the smaller size of ED in comparison with PEI. The 

comparison with the adsorption capacities of DAB-AM-8, DETA and PEI revealed that 

only MIL-101(Cr)-NH2-DAB-AM-8-145 and MIL-101(Al)-NH2-PEI-96 showed higher 

CO2 capacities than those of the neat amines and the parent MOF.  

In the third part of this study, the stability of these MOFs under cycling conditions and in 

the presence of moisture (1 vol% H2O) was tested, since this would be essential for 
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industrial applications. Instability in the presence of H2O is a known problem for many 

MOFs, since phase transformations and/or decomposition of the framework structure can 

occur. Due to the slower CO2 adsorption/desorption kinetics at lower temperatures on 

MIL-101(Cr)-NH2-PEI-68/88/130, MIL-101(Cr)-NH2-DAB-AM-8-145 and amine 

modified MIL-101(Al)-NH2, the cycling experiments were performed at 75 or 105 °C. The 

cycling temperature of DETA and ED modified MIL-101(Cr)-NH2 was set to 45 °C. Other 

materials were cycled at 25 °C. The working capacities in each cycle of the PSM materials 

were lower or similar to those of the parent materials. One exception was MIL-101(Cr)-

NH2-DAB-AM-8-145 which outperformed MIL-101(Cr)-NH2. The improvement in 

working capacity and cycling at somewhat elevated temperature can be beneficial for post-

combustion capture, since the temperature of the flue gas to be treated is often elevated 

also. The presence of amines resulted in decreased H2O capacities due to the lower pore 

volumes. Significant decreases in the performance of MIL-100(Fe) were found during the 

wet cycling processes due the progressive filling of the pores by H2O. PXRD studies 

showed that MIL-101(Cr)-NH2, MIL-100(Fe), MIL-100(Fe)-ED and MIL-100(Fe)-PEI 

remained stable in the presence of H2O. In contrast to this, MIL-101(Al)-NH2 remained 

stable during the wet cycling experiments, but exhibited partial decomposition when H2O 

desorbed upon heating at 110 °C in Ar atmosphere.  

While MIL-53(Al)-NH2 exhibited a working capacity of 2.88 wt% under dry conditions, 

H2O was found to almost completely disable the CO2 adsorption/desorption during 

cycling. Improvements were sought by PSM with benzoic anhydride. Due to the size of the 

anhydride, the working capacity was reduced to 0.37 wt% under dry conditions. The 

presence of H2O resulted in further reduction of the working capacity to 0.08 wt% in the 

PSM material. Despite the decrease in working capacities both neat and PSM materials 

were stable during the wet cycling process. 

In the third part of this study, high pressure CO2 and N2 adsorption/desorption experiments 

were performed on MIL-100/MIL-110(Al), MIL-100(Fe), MIL-101(Cr/Al)-NH2 and STA-

16 frameworks in the temperature range of 25 to 105 °C and pressure range of 0 to 40 bar. 

All materials were found to selectively adsorb CO2, with relatively high CO2 adsorption 

capacities observable in the MIL-101 frameworks. The hydrothermal stability of selected 

MOFs was evaluated by measuring CO2 isotherms before and after the treatment with H2O 

vapour (30, 60 and 90 % RH). While MIL-100/MIL-110(Al) and MIL-101(Al)-NH2 

showed decreases in the CO2 uptake after the treatment with H2O at 30 % RH, the 
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phosphonate framework STA-16(Co) remained stable up to 60 % RH. PXRD studies 

revealed that the lower CO2 adsorption capacities are due to the collapse of the MIL-

110(Al) and MIL-101(Al)-NH2 frameworks. In contrast to MIL-110, the diffraction pattern 

of MIL-100(Al) remained unchanged. Structural changes were observed in STA-16(Co) 

after the adsorption of H2O at 90 % RH; and this also resulted in a small decrease in CO2 

capacity from 13.2 wt% to 12.5 wt% at 25 °C and 5 bar. 

In the last part of this study, the effect of flue gas impurities on the stability and the CO2 

uptake of MIL-101(Cr), MIL-101(Cr)-NH2, MIL-101(Al)-NH2, MIL-100(Fe), MIL-

53(Al)-NH2 and STA-16(Co) were evaluated by performing PXRD and FTIR studies, 

screening tests and a series of cycling experiments using NO, NO2 and SO2. The MOFs 

were chosen in order to determine the effects of the CUS, flexible vs rigid frameworks, the 

type of metal cation and the nature of the organic linker molecule.  

In order to determine the effect of NO, NO2 and SO2 on the stability of the MOFs, PXRD 

studies were conducted after the materials had been subjected to 10000 ppm contaminant 

at 25 °C and at elevated temperatures (50, 80 °C). Decreased crystallinities and therefore 

partial loss in long-range crystallographic ordering or partially collapsed structures were 

observed in all MOFs. This suggests that the frameworks might ultimately collapse upon 

prolonged exposure to all contaminants examined. MIL-53(Al)-NH2 was found to be 

flexible upon NO2 adsorption, with a transformation from narrow pore (np) to large pore 

(lp) form taking place. STA-16(Co) was partially transformed into CoMOF after NO and 

SO2 exposure, while NO2 resulted in a complete collapse of the framework. FTIR studies 

of the samples after the exposure indicated that NO2 is strongly interacting with the CUS 

in MIL-100(Fe), MIL-101(Cr), MIL-101(Cr)-NH2, MIL-101(Al)-NH2 and STA-16(Co). 

During the screening tests, the MOFs were subjected to 5000 ppm of contaminant over a 

heat ramp from 20 to 110 °C with a heating rate of 2 °C min
-1

. The peak mass change in 

the majority of the MOFs was found at 50 °C for NO and SO2 and at 80 °C for NO2. The 

effect of contaminant concentration was investigated by exposing the samples to the 

contaminants by varying the partial pressures between 0 and 500 ppm (NO, NO2) or 

2000 ppm (SO2) or 5000 ppm (NO, NO2, SO2) until five cycles of adsorption and 

desorption were conducted at 25 °C. With increasing concentration of the contaminants an 

increase in mass uptake was observed. The presence of CUS in MIL-101(Cr), MIL-

101(Cr)-NH2, MIL-101(Al)-NH2, MIL-100(Fe) and STA-16(Co) resulted in a strong 
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interaction with 5000 ppm NO2 and irreversible adsorption. In contrast to this, the 

adsorption of NO2 in MIL-53(Al)-NH2 was completely reversible due to the flexibility of 

the framework. The impact of the contaminants on the ability to capture CO2 was 

investigated by varying the CO2 partial pressures between 0.05 and 0.15 bar while 

simultaneously varying the contaminant partial pressures between 0 and 500 ppm (NO, 

NO2) or 2000 ppm (SO2) during five cycle experiments at 25 °C. The CO2 working 

capacities in the presence of the contaminants were diminished in most cases, suggesting 

that the removal of NO, NO2 and SO2 is required prior to the capture process.  

In summary, a series of MOFs were synthesised, characterised and evaluated for their 

utility in CO2 capture processes. Amine modifications were shown to increase the CO2 

adsorption capacities; however the impact of the amine groups varied between the studied 

MOFs. It was found that an improvement in CO2 adsorption capacities in MOFs with 

smaller pore volumes can be achieved by introducing smaller amines (ED), while PEI 

and/or DAB-AM-8 had a bigger impact on the MOFs with a larger pore volume. Decreases 

in working capacities were observed in the majority of the materials tested, although the 

stability of most materials was confirmed by PXRD measurements after wet cycling. 

Furthermore, the presence of flue gas contaminants was found to have a big impact on the 

CO2 uptakes and the stability of the frameworks. Therefore, the application of the MOFs 

studied here for post-combustion capture is seen to be limited. However, the high H2O 

uptakes in MIL-100(Fe), MIL-101(Cr)-NH2 and STA-16(Co) suggest that these materials 

might be useful as H2O sorbents. Furthermore, the good performance during high pressure 

CO2 sorption experiments makes the MOFs good candidates for applications where high 

pressure separation processes can be utilised. 
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1 Introduction 

1.1 Research motivation: The need to reduce greenhouse gas emissions 

One of the most pressing environmental concerns of our age is the escalating level of 

atmospheric CO2, which is believed to be a primary factor in global warming and climate 

change [1, 2]. The carbon cycle was in balance for centuries, before the onset of the 

industrial revolution, which appears to have led to an increase of the CO2 concentration in 

the atmosphere from 280 ppm in 1750 to above 395 ppm in March 2012 [3-5]. As a result, 

the outward transmission of heat from the surface of the earth into space is reduced, 

producing a rise in average global temperature, a rise in average sea level and melting of 

glaciers [5]. The International Panel on Climate Change (IPCC) predicts that CO2 

concentrations in the atmosphere may reach 570 ppm in 2100, resulting in a mean global 

temperature rise of 1.9 °C, a mean sea level increase of 1 m, extinction of species and 

increasing desertification [6]. 

CO2 comprises approximately 77 % of global greenhouse gas emissions, which stems 

predominantly from the combustion of coal, oil and natural gas (30x10
12

 kg CO2 per year) 

[7-9]. Due to the expected continued use of fossil fuels as the backbone of the worldwide 

electricity production in the near future, strategies to reduce CO2 emissions are urgently 

required [10].  

The use of renewable energy forms is one possibility to decrease our CO2 emissions; 

however they currently account for only 12.88 % of all global energy [5]. Further 

development of these technologies would be necessary in order to facilitate large scale 

implementation and therefore allow a complete transition from carbon-based sources to 

cleaner alternatives [11, 12]. Although strategies like the introduction of cleaner industrial 

processes and the increase in energy efficiency can contribute towards reducing 

greenhouse gas emissions, the CO2 produced from coal-fired power plants will still be a 

major challenge [13, 14]. The utilization of CO2 for the production of bulk chemicals, 

polymers and fine chemicals can be applied in order to reduce our emissions; however it is 

not regarded as an overall solution due to the huge amounts of CO2 currently emitted 

(Teraton challenge) [6, 11]. One promising near future solution is the application of carbon 

capture and storage (CCS), which could reduce the CO2 emissions from power stations by 

90 % [14]. A more detailed description of CCS is given in the following sub-chapters. 
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1.2 The CCS process 

One option for reducing anthropogenic CO2 emissions is carbon capture and storage (CCS) 

from large point sources (Figure  1.1). The first step in the CCS is the capture and 

concentration of CO2 from a power plant, industrial process or other source. After the 

transportation to a storage site, the CO2 is injected into suitable geologic formation, such 

as depleted oil and gas fields, saline formations and unmineable coal seams, where it can 

be stored indefinitely. The downside is that CCS increases the electricity production cost 

by 50 %. The CO2 capture and concentration is purported to account for about 75 % of the 

overall cost of CCS. Additionally, due to the higher energy requirement for power plants 

with CCS, more fuel needs to be burned for the same electrical output, which in turn 

results in larger and more expensive plants. Although numbers may vary with different 

CCS schemes, cutting the capture cost appears to be the most important challenge to make 

the CCS process economically viable for implementation within the energy industry [1, 4, 

12, 15]. 

 
Figure 1.1: A simplified overview of the CCS process [16]. Copyright CO2CRC. 

1.2.1 Carbon capture technologies 

The most promising principles for reducing CO2 emissions to the atmosphere are post-

combustion capture (CO2/N2 separation), pre-combustion capture (CO2/H2 separation) 

oxy-fuel combustion (CO2/N2 separation) and chemical looping combustion. In the 

following sections an overview of the different capture strategies is given. 
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1.2.1.1 Post-combustion 

In the post-combustion approach (Figure  1.2), the CO2 is separated from other flue gas 

constituents, which are either originally present in the air or produced by combustion. 

Existing power plants use air for combustion and generate a flue gas that is at atmospheric 

pressure and typically has a CO2 concentration of less than 15 %. In conventional coal 

plants, the coal is first pulverised and then burned with hot air. The heat generated in this 

process is used to produce steam from H2O, which is piped into a turbine and turns the 

shaft of the turbine generator to produce electricity. The hot coal fired flue gas of the boiler 

typically contains 75-80 % N2, 12 -15 % CO2, 5-7 % H2O, 3-4 % O2 and trace amounts of 

CO (<100 ppm), SO2 (1800 ppm) and NOx (500 ppm) [14, 17]. These impurities can 

impede with the capture system and need to be removed. The fuel type used and the 

location of the combustion unit in the power plant determine the flue gas composition. 

After flue gas desulphurisation (FGD) the gas stream temperature is around 40 to 80 °C. A 

technical challenge for the development of cost effective advanced capture processes is 

created due to the low thermodynamic driving force for CO2 capture from flue gas. 

Nevertheless post-combustion carbon capture has the greatest near-term potential for 

reducing green house gas emissions, because it can be retrofitted to existing units and high 

CO2 purities can be achieved (>99.99 %) [1, 12, 15, 18].  

 
Figure 1.2: Conceptual scheme of post-combustion [19]. Copyright CO2CRC. 

1.2.1.2 Pre-combustion 

The recovery of CO2 from a process stream (containing 35.5 % CO2) before burning the 

fuel is called pre-combustion (Figure  1.3). The integrated gasification combined cycle 

(IGCC) process operates at pressures between approximately 35 and 50 bar. The first step 

is usually the separation of O2 from air in an air separation unit. The O2 is then used to 

gasify the coal at temperatures above 1260 °C to produce syngas, which is sent to a shift 

converter where the H2O gas shift reaction takes place (Eq.1.1).  

CO + H2O → CO2 + H2     (1.1) 

The conversion increases with decreasing temperature due to the equilibrium limitation of 

the reaction. After the removal of sulphur compounds in order to avoid the corrosion of the 



Introduction 

4 

 

turbine and cooling the syngas to approximately 315 to 445 °C, the CO2 is separated from 

H2. In some industrial approaches, the syngas is sent to a low temperature shift reactor 

which operates at 200 to 250 °C before the separation process takes place [20]. The H2 rich 

gas, which is mixed with N2 and steam, is then burnt and the hot exhaust gas from the 

combustion turbine is passed through a gas turbine to produce energy. The recovered heat 

is sent to a recovery steam generator (HRGS) to produce steam for the steam turbine that 

generates additional power and increases the overall power system efficiency (37-44 % for 

an IGCC plant) [1, 4, 12, 15, 18, 20]. Due to the greater difference in molecular weights 

and molecular kinetic diameters for CO2 versus H2 compared to CO2 versus N2, the 

separation is easier than in a post-combustion capture process [21]. Absorption using 

physical solvents is currently the most commercially developed technology for the 

separation of CO2 from H2 [5]. The main advantages of pre-combustion are the lower 

energy requirements for the capture and compression of CO2. However, temperature and 

efficiency issues with the H2-rich gas turbine fuel need to be resolved [17]. 

 
Figure 1.3: Conceptual scheme of pre-combustion process [19]. Copyright CO2CRC. 

1.2.1.3 Oxy-fuel combustion 

Oxy-fuel technology is designed to solve the problem of the small content of CO2 in the 

flue gas from conventional plants. Oxy-fuel combustion (Figure  1.4) followed by carbon 

capture can be adapted to both existing and new coal-fired power stations [22]. In an oxy-

fuel process, the fuel, which contains mainly CO2 and steam, is burned in a nearly pure O2 

environment instead of air which results in a higher combustion temperature. The O2 for 

the combustion process is delivered in form of a gas stream, which is produced by the 

cryogenic separation of O2 from air (T<-182 °C), or as a solid oxide in a chemical looping 

process. The air separation unit removes the N2 from the air by cooling it to a liquid. 

However, more energy efficient and cost effective strategies, e.g. membranes or a bed of 

O2-separating minerals may be implemented in the future. Due to the high CO2 content of 

up to 90 % in the exhaust gas, no separation of CO2 is required. After the dehydration and 

compression, the raw exhaust gas may be stored directly without the need of further 
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purification if permitted by regulations, but in most cases removal of impurities (e.g. O2, 

N2, Ar) is required. The recycling of approximately 70 % of the flue gas stream prevents 

the overheating of the boiler by diluting the O2 enriched environment. The first electricity 

production plant to implement this capture scheme became operational at Schwarze Pumpe 

in 2008. After 1200 operating hours 1000 t of CO2 were captured with a purity of 99.7 % 

[5, 11]. 

 
Figure 1.4: Conceptual scheme of oxy-fuel combustion [19]. Copyright CO2CRC. 

1.2.1.4 Chemical looping combustion 

A more recent capture technology is chemical looping (Figure  1.5), in which carbon-

containing fuels are combusted in the presence of small particles of metal oxides (e.g. 

Mn2O3, NiO, CuO, Fe2O3). In this reaction, the fuel is oxidised to H2O and CO2, while the 

metal oxide is reduced (Eq. 1.2). The H2O vapour is then condensed and CO2 is released in 

high purity. The metal oxide is regenerated (Eq. 1.3) via oxidation, passes through a 

cyclone for the separation from hot N2 and O2 and is then re-circulated into the fuel reactor 

[20, 23]. 

CnHm + (2n+0.5m) MeO → nCO2 + 0.5mH2O + (2n+0.5m)Me  (1.2) 

O2 + 2Me → 2MeO     (1.3) 

 
Figure 1.5: Conceptual scheme of chemical looping combustion. Reprinted from [12], 

Copyright 2008, with permission from Elsevier. 



Introduction 

6 

 

The exhaust gas contains N2 and unreacted O2, which can be released into the atmosphere 

with minor impact on the environment. The advantage of this process is the lower energy 

requirement compared to post-combustion, the improvement of the overall efficiency due 

to the use of the heat generated during the oxidation of the metal as well as the generation 

of a concentrated CO2 stream without the need of an air separation unit, in addition to 

minimisation of NOx formation [15, 20, 24]. 

1.2.2 Carbon capture techniques 

Several techniques for the separation of CO2 from flue gas, syngas and natural gas, such as 

absorption, cryogenic distillation, membrane separation and adsorption are currently under 

investigation. The following sub-sections give an overview of these techniques with their 

advantages and disadvantages.  

1.2.2.1 Absorption 

Traditional technologies for capturing CO2 include absorption by aqueous amines (e.g. 

monoethanolamine (MEA), diethanolamine (DEA), etc.). The chemical absorption is 

typically a four step process, in which CO2 diffuses in the gas phase of a given mixture, 

before it is dissolved into the liquid film, in which the separation takes place. The process 

is shown in Figure  1.6 [25]. 

 
Figure 1.6: Mass transfer steps in a chemical absorption process. Reproduced from [22] 

with permission of The Royal Society of Chemistry. 

Three possible reaction mechanisms for the chemical reaction of CO2 with alkanolamines 

have been proposed in the literature [17, 25]. The first mechanism is a two-step process 

and involves the formation of a zwitterion (carbamate). In a second step, this transition 

complex reacts with H2O [26, 27]. 

Mechanism 1:  CO2 + 2 R2NH  [R2NHCO2]
-
+ R2NH2

+
        (1.4) 

    [R2HNCO2]
-
 + H2O → R2NCO2

-
 + H3O

+
        (1.5) 

The termolecular mechanism (mechanism 2) is a direct molecular reaction involving the 

reaction of CO2, H2O and the primary or secondary amine in a single step. The amine 
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protonation in the solution is a direct result of the hydronium ions formed, which can result 

in the formation of carbamate species (Eq. 1.7) [27, 28]. 

Mechanism 2:   CO2 + R2NH + H2O  R2NCO2
-
 + H3O

+
        (1.6) 

    
R2NH + H3O

+
  R2H2N

+
 + H2O         (1.7) 

The third mechanism occurs in the presence of tertiary amines. As a result of the steric 

hindrance of the three “R” groups, no direct bond to the carbon atom in CO2 can be 

formed. Due to the lower stability of the bicarbonate species, more readily CO2 

absorptions have been observed [17, 27]. 

Mechanism 3:  CO2 + R3N + H2O  R3HN
+
 + HCO3

-
        (1.8) 

While primary amines interact with CO2 in a 2 to 1 ratio, secondary and tertiary amines 

react in a 1:1 ratio. Hence, higher absorption capacities are anticipated for secondary and 

tertiary amines. The required energy for the regeneration decreases in the order 

primary>secondary>tertiary amine [7]. 

The industrial employment of the primary alkanolamine MEA for “wet-scrubbing” 

processes involves the supply of the flue gas through the bottom of the absorber and the 

addition of the solvent through the top. The reaction of the amine with the CO2 takes place 

at 40 °C. The regeneration of the CO2 rich solvent occurs via the addition of steam in a 

stripping tower at temperatures between 100 to 140 °C. The solvent is then cycled back 

into the absorber column. 30 wt% MEA solutions have a working capacity in the range of 

2.1 and 5.5 wt% depending on the configuration of the scrubbing process [1, 17]. 

However, aqueous alkanolamines possess some disadvantages. For example, there is a 

higher energy requirement for regenerating the absorbents, a loss of effectiveness over 

time due to low thermal stability, material losses due to evaporation, a tendency to induce 

corrosion and the formation of heat stable salts [6, 29-33]. 

1.2.2.2 Membranes 

Membrane technologies offer an alternative to traditional solvents and are considered an 

attractive technology for pre-combustion [34]. Different strategies have been proposed for 

the use of membranes in carbon capture, which include supported liquid membranes and 

gas separation membranes [17, 35]. 



Introduction 

8 

 

One possible approach is the use of supported liquid membranes, which acts as a barrier 

between the gas and liquid phase (Figure  1.7). The gas mixture diffuses through the pores 

of the membrane into the liquid phase, in which the CO2 is absorbed. The membrane 

impedes the passage of impurities and therefore prevents the formation of stable salts 

resulting in a decrease in solvent loss. The regeneration of the solvent is achieved by the 

application of vacuum or the introduction of sweep gas. This process eliminates flow 

problems, which are observed in absorption processes without membranes, but maintains 

the disadvantages of a pure absorption process, like the evaporation and the required 

regeneration of the solvent [17]. 

 

Figure 1.7: Carbon capture process using supported liquid membranes [36]. Copyright 

CO2CRC. 

Gas separation membranes on the other hand are space efficient, easy to integrate into a 

power plant, contain no hazardous chemicals and are less energy extensive. However, a 

sufficient driving force is necessary for an effective separation process, which presents a 

challenge for post-combustion and natural gas separation due the low concentrations of 

CO2 [12, 17, 37]. 

Five possible mechanisms (Figure  1.8) for gas separation processes are: 

 Knudsen diffusion: Gas molecules are separated by the difference in mean path 

through the pores. 

 Molecular sieving: Gas molecules are separated based on differences in kinetic 

diameter. 
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 Solution diffusion: Gas molecules are separated by different solubilities in the 

membrane. 

 Surface diffusion: Adsorption of highly polar gas molecules onto the membrane 

surface and transport through the membrane by moving from one adsorption site to 

the next. 

 Capillary condensation: Separation based on differences in vapour pressure [38-

40] 

 
Figure 1.8: Transport mechanism through membranes [40, 41]. Adapted from a CO2CRC 

picture [40]. Reprinted from [41], Copyright 1995, with permission from Elsevier.  

The most common mechanisms are molecular sieving and solution diffusion, which can be 

found in most gas separation membranes [39]. Various membranes are tested for their 

applicability in carbon capture including porous inorganic membranes, palladium 

membranes and polymeric membranes[17]. 

The use of palladium membranes for the separation of H2 from various gas streams has 

been studied extensively. While palladium membranes are highly selective towards H2, 

undesirable phase changes at high temperatures have been observed. Furthermore, the 

membrane is not applicable for gas streams containing O2, as palladium is a known 

oxidation catalyst [42]. 

Porous inorganic membranes show a good long-term stability at high temperatures, 

resistance to harsh environments and high pressure drops, as well as an easy-cleaning 

ability after fouling. The high hydrothermal stability makes these membranes promising 

for pre-combustion carbon capture, because cooling the syngas can be avoided, resulting in 

lower energy costs. However their major drawbacks are the high capital costs, the 

brittleness, the low membrane surface per module volume, the low selectivities in large 
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scale applications and the low permeability of dense membranes at medium temperatures 

[43]. 

Polybenzimidazole (PBI) based membranes are one of the best candidates for the use in 

extreme chemical and thermal environments due to their long-term hydrothermal stability 

up to 400 °C, sulphur tolerance and durability in simulated coal-derived syngas for 

400 days at 250 °C. The high operating temperature is an advantage compared to 

conventional polymeric membranes, which only operate up to 150 °C and require cooling 

of the syngas. Furthermore, the concentrated CO2 stream is at elevated pressures, which 

results in a reduction of the energy required for the compression [17, 37]. 

1.2.2.3 Cryogenic separation 

Cryogenic distillation involves the separation of a gas mixture based upon differences in 

boiling points and volatilities of different gases in a mixture. The technology produces 

liquid CO2 in high purity and is widely applied in the separation of oxygen from air. 

Another potential application is pre-combustion carbon capture in IGCC plants [13, 44, 

45].  

In a first step the gas mixture is compressed and impurities (e.g. H2O, acid gases) are 

removed, before the mixture flows through a number of heat exchangers in order to cool 

the feed gas until the CO2 is condensed. Due to the sublimation of CO2, the condensation 

takes place at temperatures above the triple point temperature of -56.6 °C [44].  

The main disadvantages of the process are the high energy requirements for the cooling 

process and pressurisation, the need to remove impurities prior to the cooling process as 

they could freeze and cause a blockage of the equipment, and the high capital costs. The 

application in post-combustion capture is limited due to the low CO2 concentration in the 

flue gas [44, 46].  

1.2.2.4 Adsorption 

The separation of CO2 using porous, solid adsorbents as an alternative to amine-based 

absorption/stripping processes, has received much attention during the past decade. The 

first step is the selective adsorption from CO2 from the feed gas, while the other 

components pass through the adsorbent bed. Once the bed is saturated with CO2 it must be 

desorbed back into the gas phase (Figure  1.9).  
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Figure 1.9: Principles of CO2 capture via adsorption [35]. Copyright CO2CRC. 

The interaction of the adsorbate with the adsorbent can either be due to Van der Waals and 

electrostatic forces (physisorption) or to the formation of a covalent bond (chemisorption). 

The mechanisms differ in the amount of heat released during the adsorption process. While 

heats of adsorption smaller than 50 kJ mol
-1

 are characteristic for physisorption, these 

values are much higher for chemisorption. Therefore, adsorption via physisorption is often 

preferred due to the lower energy requirement for the regeneration of the adsorbent [47]. 

The regeneration of the adsorbent in a fixed-bed reactor can be achieved by either 

increasing the temperature (TSA) or decreasing the pressure (VSA or PSA). Adsorption-

based methods such as pressure swing adsorption (PSA) or vacuum swing adsorption 

(VSA) are promising because of their simple and easy control, low operating and capital 

costs, and superior energy efficiency [35]. In a PSA process the inlet gas is pressurised and 

flows through the column until saturation is achieved. Closing the inlet valve, results in the 

removal of adsorbent out of the column due to the decrease in column pressure towards 

ambient pressure. The main disadvantage of PSA is the cost associated with the 

compression due to the large flow rates in a post-combustion process. However, this is not 

the case for the use of PSA in pre-combustion capture as the gas stream is at elevated 

pressures. In contrast to a PSA process, the pressure in a VSA process is lowered to sub-

atmospheric pressure by applying vacuum. The regeneration of the adsorbent in a TSA 

process is achieved by increasing the temperature of the bed using an external heat 

exchanger or directly with a hot gas purge. The released gas molecules leave the bed due 

to the increased pressure at the higher temperature. After reaching equilibrium, residual 
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gas in void spaces is removed by purging the column until the desired purity of the eluted 

gas is reached. The bed is then cooled for the next adsorption step. A possible source of 

energy required for the regeneration in a TSA process, is the low-grade heat from the 

power plant [7, 47]. The selection of a highly selective adsorbent with a high CO2 capacity 

presents the key step in the design of PSA, VSA and TSA processes for the separation and 

purification of CO2 [10, 48, 49]. Porous materials, such as activated carbons, zeolites, 

amine modified siliceous materials and MOFs as well as non-porous materials such as 

metal carbonates have attracted tremendous attention for carbon capture. 

The robust nature of zeolites coupled with their low cost, makes them an attractive target 

for carbon capture applications. The CO2 capacities are affected by the pore size and 

architecture as well as the chemical composition. The most promising zeolites are 

characterised by a low Si/Al ratio, as aluminium introduces negative framework charges 

that are compensated by exchangeable cations. Studies have shown that the replacement of 

the cation in NaX results in a decline in CO2 adsorption capacity at 0.1 bar in the order 

Cs<Rb≈K<Li≈Na. In contrast, dominant CO2-framework oxygen interactions over the 

polarising effect for Y faujasite containing Cs or K result in a higher uptake compared to 

NaY [50]. Among them, zeolite 13X has shown great potential with a CO2 adsorption 

capacity 20.7 wt% at 25 °C and 1 bar [51]. In comparison with aqueous alkanolamine 

absorbents, zeolites used in small scale pilot plants showed more rapid CO2 adsorption and 

lower energy penalties. However, the major drawback of zeolites are their diminished CO2 

adsorption capacities in the presence of H2O, their energy extensive regeneration, due to 

the large heat of adsorptions, and their low selectivity [9, 17, 47]. Amine modifications of 

zeolite 13X with MEA have shown to enhance the CO2 adsorption capacity from 4 to 

14 mL g
-1

 at 120 °C and improvements in performance under humid conditions have been 

observed [52]. 

The preparation of activated carbons from carbon containing resins, fly ash and biomass 

makes them low cost adsorbents [17]. Additionally, activated carbons possess a 

hydrophobic nature and a low energy requirement for regeneration, which are 

advantageous properties for carbon capture [7]. They show potential for pre-combustion 

capture, due to their high surface areas and hence high CO2 adsorption capacities at high 

pressure with a upper limit of 60 to 70 wt% [53]. In comparison with zeolites, the CO2 

adsorption capacities were found to be lower at low pressures with a limit of 10 to 11 wt% 

owing their uniform electric potential on the surface [47]. Depending on the diffusion 



Introduction 

13 

 

mechanism and the heterogeneity of the surface, comparable adsorption kinetics to zeolites 

can be obtained. The low enthalpies of activated carbons allow a complete regeneration. 

However, the presence of functional groups can lead to incomplete desorption [50]. 

High adsorption capacities have also been reported for amine modified siliceous materials 

(e.g. MCM-41 and SBA-15). While primary and secondary amines react with CO2 under 

dry conditions to carbamate, tertiary amines act as proton acceptors. The reaction 1.9 

shows, that 1 mol CO2 react with 2 moles of amine. In the presence of H2O bicarbonate is 

formed and the stoichiometry changes to 1 mol CO2 per 1 mol of amine. Due to the 

reversibility of these reactions PSA, VSA and TSA processes are possible [54].  

CO2 + 2R-NH2  R-NH3
+
+R-NHCO2

-
   (1.9) 

      CO2 + R-NH2 + H2O  R-NH3
+
+R-NH3

+
HCO3

-   
(1.10) 

Under dry conditions SBA-15-PEI (50 wt% loading) adsorbs 9.2 wt% under a flow of 

15 % CO2 and 14.0 wt% in the presence of 10 % H2O vapour and 13 % CO2 at 75 °C. In 

comparison, MCM-41 with the same loading captures 8.8 wt% under dry conditions and 

12.5 wt% under wet conditions [50]. However, the presence of H2O vapour does not 

always enhance the CO2 capacity. An example is the decline in CO2 capacity under humid 

conditions from 3.90 to 2.00 wt% on heaxagonal mesoporous silica (HMS) grafted with 

aminopropyltrimethoxysilane (APTS) [55]. Higher temperatures improve the 

adsorption/desorption kinetics and reduce the energy required for cooling the flue gas [54]. 

Metal carbonates have been studied for their potential application in pre-combustion 

carbon capture. Vogt et al. have prepared and tested a series of sodium iodide doped 

cadmium carbonate samples and found that the addition of sodium iodide is necessary in 

order to promote the sorption of CO2. Doping at levels of 20 wt% and higher has a 

negative impact on the sorption performance, whereas a minimum of 7.5 wt% in the 

uncalcined sample is required to trigger adsorption. In the temperature range of 250 to 

300 °C, cadmium oxide doped with 17.5 wt% sodium iodide has a CO2 uptake of 24 wt%. 

The carbonation and decarbonisation takes place at the same temperature and makes these 

materials viable for use in a PSA process [56]. 
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1.3 Metal-organic frameworks (MOFs) 

MOFs have attracted tremendous attention during the past decade as a class of very 

promising organic-inorganic hybrid materials for diverse applications like gas storage, 

gas/vapour separation, catalysis and drug storage and delivery [57, 58]. These porous 

crystalline materials have structures consisting of metal ions (e.g. Al
3+

, Cr
3+

, Zn
2+

 or Cu
2+

) 

that are linked by organic molecules through specific functional groups (e.g., carboxylate, 

phosphonate). These two main components are connected to each other by coordinative 

bonds, together with other intermolecular interactions, to afford a network having definite 

topology with pores usually occupied by solvent molecules [3, 59] (Figure  1.10).  

 
Figure 1.10: A general scheme of MOF synthesis. From left to right: trimers of aluminium 

octahedral and trimesic acid, the resulting hybrid supertetrahedra of MIL-100(Al) and one 

unit cell of MIL-100(Al) [60]. Ball and stick view (Al octahedral: pink, C: grey, O: red). 

Hydrogen atoms have been omitted. Adapted from [61] with permission of The Royal 

Society of Chemistry. 

With the nature of the bonding being weaker than that in metal oxides, solvated pores, 

which are observed in crystal structures, will not necessarily be stable upon solvent 

removal. This fact has led to a classification of these materials into three generations: those 

that collapse irreversibly and are not porous (first generation); those that retain their 

structures and show reversible gas sorption isotherms (second generation); and a final 

category where the material behaves more like a sponge and changes structure reversibly 

with guest molecules (third generation) [62]. 

Based on the flexibility, MOFs can be distinguished into two types: rigid and flexible 

MOFs. While the framework structure of rigid MOFs (found in 3D structured MOFs) 

remains intact after guest accommodation/removal, flexible MOFs (found in 1D, 2D and 

3D MOFs) are characterised by a structural flexibility upon accommodation/removal of 

guest molecules. An example for a rigid framework is MOF-5, which shows high 

adsorption capacities of CO2, N2 and H2. Upon removal of the guest molecules from the 
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pores, the integrity of the MOF-5 framework is fundamentally retained. Cu(bpy)2(BF4)2 on 

the other hand is an example for a flexible MOF. The framework shows a gate adsorption 

phenomena for various gases through clathrate formation between host frameworks and 

guest molecules accompanied by structural transformation [63]. 

An overview of the MOFs mentioned in this chapter is given in Appendix 1 including 

possible metal centres, their ligands, their empirical formula and references providing 

structural details. 

1.3.1 Carbon dioxide capture in MOFs 

MOFs are attracting increasing attention in CO2 capture owing to their very high porosity 

and surface area, ordered and well characterised porous structure, and adjustable chemical 

functionality [64]. In order to be applicable to realistic flue streams CO2 adsorbents should 

fulfil the following requirements: 

 high CO2 capture capacity, 

 high selectivity for CO2 over other components in the flue gas, 

 moderate or low heat of adsorption, 

 high stability and regenerability under cyclic conditions, 

 high thermal and hydrothermal stability. 

In Table  1.1 the CO2 adsorption capacities reported for a number of adsorbent types are 

given. In comparison to silicate and both zeolite samples, the MOF materials exhibit 

higher maximal loadings, while the activated carbons are comparable or even show a 

greater maximal loading than some of the MOFs. To date the record capacity for CO2 

capture of 176 wt% was obtained by Llewellyn et al. with MIL-101(Cr) at 50 bar and 

31 °C [65]. In terms of CO2 adsorption uptakes and heat of adsorption obtained near 

Standard Temperature Pressure (STP) conditions, the most promising MOFs are CPO-27, 

HKUST-1, bio-MOF-11, MIL-53, MOF-5, MIL-100, MIL-101 and YO-MOF [66].  

While the majority of CO2 adsorption isotherms obtained from rigid MOFs present a type-I 

shape after IUPAC [67], sigmoidal isotherms in rigid MOFs (e.g. MOF-5 and MOF-177 

[68]) were also reported [69]. Molecular simulations conducted by Walton et al. suggested 

that the cause of this phenomenon is the interstatic interaction between CO2 molecules 

resulting in their bulk condensation [70]. On the other hand, the CO2 isotherms of flexible 

MOFs usually exhibit distinct adsorption steps and/or hysteresis during desorption. This 
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flexibility is a unique feature of these materials and provides for an additional means of 

controlling the selective adsorption and separation of gases [63, 71-73]. Novel MOFs like 

MIL-53(Al, Cr) exhibit a breathing framework with flexible and dynamic properties, 

which may greatly benefit the capture and release performance of gaseous molecules while 

maintaining their crystallinity and thus their long range order [2, 74]. 

Table 1.1: CO2 adsorption capacities for various adsorbents (black) and the amount of 

CO2 adsorbed near ambient conditions (red) [65, 66, 75-77] 

Adsorbent Conditions Amount adsorbed /  

wt% 

silicate 302 K / 30 bar 11.0 

zeolite NaX 302 K / 30 bar 34.3 

zeolite 13X 298 K / 32 bar 32.6 

activated carbon NORIT R1 298 K / 30 bar 44.0 

activated carbon Maxsorb 298 K / 35 bar 110.0 

MIL-53(Cr) 302 K / 25 bar 

303 K / 1 bar 

44.0 

10.5 

HKUST-1 298 K / 42 bar 

298 K / 1 bar 

47.1 

17.9 

MIL-47(V) 302 K / 20 bar 

298 K / 1 bar 

48.4 

8.80 

IRMOF-1 298 K / 35 bar 

296 K / 1bar 

95.5 

9.24 

MOF-177 298 K/ 42 bar 147.4 

MIL-100(Cr) 304 K / 50 bar 79.2 

MIL-101(Cr) 304 K / 50 bar 176.0 

CPO-27(Mg) 298 K / 1 bar 37.3 

CPO-27(Co) 298 K / 1 bar 33.2 

CPO-27(Ni) 298 K / 1 bar 31.5 

Bio-MOF-11 273 K / 1 bar 26.4 

YO-MOF 273 K / 1 bar 14.9 

The highest gravimetric adsorption for CO2 has been reported in frameworks with high 

surface areas and pore diameters of greater than 1.5 nm [1]. However, the synthesis of 

mesoporous MOFs is still challenging due to the fact that open frameworks constructed 

from large ligands tend to disintegrate after the removal of guest molecules. Another 

problem is the interpenetration of the framework, which adds stability but drastically 

reduces the size of the channels or cavities. Thus, the preparation of new mesoporous 

MOFs should focus on ligand extension to produce stable frameworks, while preventing 

interpenetration [78].  

Although high CO2 capture capacities under equilibrium conditions have been reported, 

the selective capture of CO2 from industrial emission streams that contain other gases such 

as N2, CH4 and H2O still remains challenging. Due to the fact, that most MOF materials 
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show little uptake in the pressure regime of 0.1-0.2 bar, their application for post-

combustion capture is seen to be limited. Tremendous efforts have been undertaken to 

increase the CO2 selectivity, while maintaining or increasing the capture capacities of these 

materials [79-81]. High selectivity for CO2 adsorption was observed for MOFs, which are 

characterised by coordinatively unsaturated sites (CUS) and functional groups [2, 49, 82, 

83]. CUS can be obtained by introducing solvent molecules during the synthesis as 

terminal ligands, which can then be removed at elevated temperatures and/or vacuum. 

These charge-dense binding sites can induce strong local interactions with CO2 and H2 

adsorbates resulting in higher binding energies and enthalpies of adsorption [13]. In the 

context of post-combustion capture from flue gas, CUS interact more strongly with CO2 

compared with N2, due to the higher quadrupole moment and polarisibility of CO2 [7, 49].  

Ye and co-workers investigated the potential of HKUST-1 for post-combustion CO2 

capture using either TSA or VSA. While the regeneration of the MOF was easily achieved 

by increasing the temperature to 100 °C under N2 purge, vacuum was found to be 

insufficient for the regeneration of the material. Different temperatures were tested (80-

120 °C), which had no impact on the regeneration in a TSA process, although higher 

temperatures result in a shorter regeneration time [84]. 

The very wide chemical flexibility of possible ligands and functional groups, and the high 

accessibility of the functional groups to the adsorbates, makes ligand funtionalisation a 

promising strategy to enhance CO2-framework interactions [85, 86]. Two methods have 

been employed to incorporate Lewis basic sites into a MOF structure, the 

“prefunctionalisation approach” and the post synthetic modification as described in 

Chapter 1.3.2. 

1.3.2 Amine modification of MOFs 

Two major strategies have been envisaged to produce highly efficient capture materials by 

virtue of the affinity of alkylamines for CO2: 

1. the “prefunctionalisation” approach and 

2. postsynthetic modification (PSM). 
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1.3.2.1 AminemodificationofMOFsvia“prefunctionalisation”approach 

The “prefunctionalisation” approach has resulted in MOFs with pendant groups such as     

-Br, -NH2 and -CH3 [87]. The generic scheme for the preparation of functionalised MOFs 

by using direct solvothermal synthesis is shown in Figure  1.11. 

 
Figure 1.11: A general scheme illustrating the concept of "prefunctionalisation" of porous 

MOFs. Reproduced from [87] with permission of The Royal Society of Chemistry. 

Three strategies have been employed to achieve functionalisation prior to or during MOF 

synthesis [88]: 

 The use of functional properties associated with metal ions (e.g. the use of 

metalloligands as the ‘organic’ building block). 

 The use of a functionalised ligand as the organic building block. 

 The incorporation of functional ‘cartridge molecules’ that are non-covalently 

bound within MOFs. For instance, Kawano et al. have synthesised a porous 

coordination network composed of two interpenetrating networks in which the 

pores are surrounded by aromatic bricks. These bricks consist of alternatively 

layered 2,4,6-tris(4-pyridyl)-1,3,5-triazine and triphenylene. 2,4,6-tris(4-pyridyl)-

1,3,5-triazine forms an infinite 3D network via coordination to ZnI2, whereas 

triphenylene is involved in the 3D framework without forming any covalent or 

coordination bonds with other components. The intercalated triphenylenes are 

regarded as the cartridge molecules [89]. 

Although diverse functionalised MOFs have been prepared via direct solvothermal 

synthesis, the range of functional groups placed within the pores has remained limited. 

This is due to the fact that these groups can either interfere with the formation of the 

desired MOF, or they are not compatible with or stable to the synthetic conditions like 

high temperature and pressure [90]. 

Ligands which have been used for synthesising amine functionalised MOFs are shown in 

Figure  1.12. Primary amines as well as secondary amines have been reported. In the 

Metal source Functionalised ligand       Functionalised MOF 

Rxn 

conditions 
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following a short overview about amine functionalised MOFs and their CO2 capture 

capacities (where available) is presented. 

  
Figure 1.12: Examples of amine functionalised ligands [30, 71, 78, 91-100]. 

Gascon et al. found that through the presence of amino groups on the aromatic rings of the 

terephthalic acid linker in MIL-53(Al)-NH2 the number of apolar adsorption sites is 

reduced. This, in turn, led to a reduced CH4 uptake relative to the unfunctionalised 

analogue [71, 92]. The separation performance of MIL-53(Al)-NH2 was tested in 

breakthrough experiments at 30 °C using an equimolar CO2/CH4 mixture. It was found, 

that essentially no CH4 was adsorbed while 0.83 mmol of CO2 was adsorbed per gram of 

adsorbent. Therefore the selectivity was improved from ~7 (MIL-53(Al)) to almost infinity 

(MIL-53(Al)-NH2) at 1 bar [71]. In the absence of adsorbate, the large pore form (lp) of 

unfunctionalised MIL-53(Al) is energetically preferred over the narrow pore (np) form by 

3 kJ mol
-1

. The CO2 adsorption on MIL-53(Al) is directed by the formation of rather weak 

hydrogen bonds between CO2 and bridging hydroxyl groups of the lattice (Figure  1.13). 
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MIL-53(Al)-NH2 on the other hand favours the narrow pore over the large pore form by 

14 kJ mol
-1

 due to more efficient hydrogen bonding involving the amine moieties and the 

[AlO6]∞. This enhancement of hydrogen bonding is caused by a variety of van der Waals 

contacts between organic structural fragments evident and by the breakage of the CH∙∙∙∙Π 

interaction network after amine modification. The result is a higher relative stability of 

MIL-53(Al)-NH2 np. The basic amino groups in the framework influence the intrinsic 

properties of CO2 adsorption sites. While N2 is only adsorbed in small amounts up to 2 bar, 

CH4 is not adsorbed at all under 1 bar. The preference for the np form reduces the 

adsorption of larger molecules such as CH4 and therefore increases the selectivity for CO2. 

For the transition from the np to the lp form higher partial pressures of CO2 (10 bar) are 

needed due to the NH2-OH interaction [101]. Because of the high selectivity of CO2/N2, 

MIL-53(Al)-NH2 is a promising material for post-combustion carbon capture. 

 
Figure 1.13: Optimised structures and relative energies of parent MIL-53 (left) and amino-

functionalised MIL-53(Al)-NH2 materials and their complexes with CO2. Reprinted with 

permission from [101] (E. Stavitski, E. A. Pidko, S. Couck, T. Remy, E. J. M. Hensen, B. 

M. Weckhuysen, J. Denayer, J. Gascon, and F. Kapteijn, "Complexity behind CO2 Capture 

on NH2-MIL-53(Al)," Langmuir, vol. 27, pp. 3970-3976, 2011). Copyright 2011 American 

Chemical Society. 

Arstad et al. have prepared three different highly porous MOF structures with and without 

amine functionalities and have determined the capture capacities to study the effect of such 

functionalities upon sorption behaviour. The amine modified MOFs were synthesised by 

using 2-aminoterephthalic acid (BDC-NH2) as the organic building block. Although MIL-

53(Al)-NH2, USO-2(Ni)-NH2 and MIL-68(In)-NH2 possess lower specific surface areas 

(Table  1.2) relative to their mother compounds, their CO2 adsorption capacities were found 

to be higher at 25 °C and up to 1 bar [92, 95]. 
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Table 1.2: Specific surface areas (SSA) and pore volumes (PV) [91, 92]. 

 SSA [m
2 

g
-1

] PV [mL g
-1

] 

MIL-53(Al) 1300 0.42 

MIL-53(Al)-NH2 960 0.25 

USO-2(Ni) 1925 0.74 

USO-2(Ni)-NH2 1530 0.50 

MIL-68(In) 930 0.34 

MIL-68(In)- NH2 16 - 

Zn2(Atz)2(ox) 782 0.19 

The synthesis and CO2 adsorption of Zn2(Atz)2(ox) has been reported by Vaidhyanathan et 

al. The MOF is characterised by a rapid uptake of CO2 at low pressure. At 0 °C and 1.2 bar 

the CO2 adsorption capacity was determined to be 19.1 wt%. The cycle was repeated eight 

times with complete reversibility [30, 91]. To be applicable for CO2 post-combustion 

capture, the sorbent also has to be H2O stable. Information about the hydrothermal stability 

of this material has not been published yet. 

MIL-101(Al)-NH2 was prepared and characterised by Serra-Crespo et al. and is assembled 

by using aluminium chloride hexahydrate as the metal source and 2-aminoterephthalic acid 

as the ligand. The amine functionalised framework shows a CO2 adsorption capacity of 

61.6 wt% at 30 bar, which is lower in comparison to 88.0 wt% for MIL-101(Cr). To date, 

the synthesis of unfunctionalised MIL-101(Al)-NH2 hasn’t been successful. The inclusion 

of amine moieties prevents to a large extent the hydrolysis of some frameworks and 

therefore stabilises the structure [102]. The complexity of the crystallisation process of 

MIL-101(Al)-NH2 and MIL-53(Al)-NH2 was reported by Stavitski et al. (Figure  1.14). 

They found that, after 2-aminoterephthalic acid is dissolved completely, the formation of 

the disordered MOF-235 phase rapidly occurs in the intermediate temperature regime. In 

an aprotic solvent the assembly of MOF-235 clusters into MIL-101 phase follows as 

temperature rises. However, in the presence of H2O, MOF-235 is hydrolysed as 

temperature rises and MIL-53, the thermodynamically favourable phase, is assembled. For 

a successful synthesis of MIL-101(Al)-NH2, the stabilisation of the metastable MOF-235 

phase by DMF is therefore essential [103]. 

Although some amino-functionalised MOFs (e.g. MIL-101(Al)-NH2) can be obtained by 

directly replacing the unfunctionalised ligand by the corresponding functionalised ligand 

(e.g. terephthalic acid by 2-aminoterephthalic acid), this is not always easily accomplished. 

The high temperature of 200 °C used for synthesising MIL-101(Cr), leads to the 

decomposition of 2-aminoterephthalic acid. However, by decreasing the reaction 
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temperature and adding sodium hydroxide, the preparation of MIL-101(Cr)-NH2 using the 

“prefunctionalisation” approach is possible and was first reported by Lin and co-workers 

[104]. Owing to the synergetic effect of the high surface area and Lewis basic amine 

groups, the MOF displays an excellent CO2 capture ability. The “ideal” CO2/N2 and 

CO2/CH4 selectivities (ratio of the single component adsorption capacities) at 25 °C were 

reported to be 8-16 and 3-5. The amine functionalised framework shows a CO2 adsorption 

capacity of 66.0 wt% at 25 bar. 

 
Figure 1.14: The sequence of events during the crystallisation of terephthalate based 

Aluminium MOFs in different media: Low precursor concentrations (DMF); high 

precursor concentrations (H2O/DMF or H2O). Reproduced from [103], Copyright 2011, 

with the permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

A number of MOFs containing trivalent metal atoms and 2-aminoterephthalic acid can be 

found in the literature (e.g. MIL-53(Al)-NH2, MIL-101(Cr)-NH2, MIL-101(Al)-NH2, MIL-

101(Fe)-NH2). However, the use of divalent metal salts and BDC-NH2 in the construction 

of MOFs is scarce. The only publication to date by Liang et al. describes the assembly of a 

non-porous Ca-MOF which possesses an extended 3D framework in which the asymmetric 

unit contains one calcium atom, one BDC-NH2 ligand, and two DMF molecules [105]. 

However, due to the lack of porosity the material is not applicable for CO2 capture.  
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The synthesis and characterisation of a novel 3D porous MOF, 

[Zn5(trencba)2(OH)2Cl2∙4H2O] (H3trencba=N,N,N’N’N”N”-tris[(4-carboxylate-2-yl) 

methyl] tris(2-aminoethyl)amine) with an unprecedented penta-nuclear zinc cluster 

fragment was described by Wen and co-workers. Due to the photoluminescence properties, 

the material appears to be a good candidate for blue-light-emitting diode devices [94].  

The MOF [(In3O)(OH)(ADC)2(NH2IN)2]∙2.67H2O, which is assembled by using 

In3O(O2CR)6X3 as metal cluster, azobenzene-4,4’-dicarboxylate (ADC) as large linker, 

and 3-aminoisonicotinate (NH2IN) as an apical bridging ligand of trimer, was synthesised 

by Gu et al. The maximum CO2 adsorption capacity for the mesoporous mother compound 

[(In3O)(OH)(ADC)2(IN)2]∙4.67H2O was determined to be 69.98 wt% at -78 °C. Grafting of 

basic amine groups onto the surface of porous materials leads to an increase in the 

adsorption capacity (78.82 wt%) [98]. 

PCN-100 and PCN-101 were prepared and characterised by Fang et al. and are two of only 

a few mesoporous MOFs that have been reported so far. The use of extended trigonal 

planar ligands containing amino functional groups as secondary building units (SBUs) 

(TATAB= 4,4‟,4”-s-triazine-1,3,5-triyltri-p-aminobenzoate, BTATB= 4,4‟,4”-(benzene-

1,3,5-triyltris (azanediyl)tribenzoate)) lead to mesoporous materials which are stabilized 

by hydrogen bonding. Both materials have been tested as catalysts in Knoevenagel 

condensation reactions. Additionally PCN-100 has been found to capture metal ions 

(Co(II), Cd(II), Hg(II)) [78]. For both materials CO2 adsorption data are not available in 

the literature.  

Table 1.3: Predicted selectivities and working capacities in the UiO-66(Zr) series at 30 °C 

[106]. 

Materials CO2/CH4 Selectivity Working Capacity 

cm
3
(STP) cm

-3
 1 bar 10 bar 

UiO-66(Zr) 9.4 8.9 78.8 

UiO-66(Zr)-Br 9.8 10.3 52.8 

UiO-66(Zr)-NO2 12.7 14.4 57.7 

UiO-66(Zr)-NH2 14.8 14.7 86.2 

UiO-66(Zr)-COOH 19.2 23.2 57.0 
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Yang and co-workers investigated the effect of different polar functional groups grafted 

onto the ligand (terephthalic acid) of UiO-66(Zr) by Grand Canonical Monte Carlo 

simulations (GCMC) in order to predict the CO2/CH4 separation performance of these 

materials in their hydroxylated versions. The grafting of polar groups on the MOF leads to 

an enhancement of its affinity for CO2 and to a significant improvement of its CO2/CH4 

separation performance (Table  1.3). The increase in the polarity of the functional groups 

resulted in a rise in the heat of adsorption for CO2 (except for UiO(Zr)-NO2). Among the 

studied modifications UiO-66(Zr)-COOH not only exhibited good CO2/CH4 selectivities 

and good working capacities, but also a medium range heat of adsorption values for CO2 

(33 kJ mol
-1

 at low coverage). UiO-66(Zr) materials are predicted to be an excellent 

alternative solution to the conventional zeolite 13X adsorbent used in PSA applications 

due to its resistance towards humidity [106, 107]. 

The preparation of DMOF-1-NH2 and the effect of the amine group on the CO2 adsorption 

capacity were described by Zhao et al. The enhancement of CO2 capacity from 7.4 wt% 

(unmodified MOF) to 9.4 wt% (amine modified MOF) at 1 bar and 25 °C can be attributed 

primarily to the strong electron donor-acceptor interaction between the framework and 

CO2 molecule, in which the nitrogen atoms containing lone pairs of electrons from amino 

groups serve as the electron donor centres [108].  

An et al. described the preparation and adsorption properties of a bio-MOF-11 exhibiting 

pyrimidine- and amino-decorated pores. The CO2 adsorption capcity at 25 °C was found to 

be 18.0 wt% at 1 bar, while under the same conditions only 0.4 wt% of N2 was adsorbed. 

The calculated CO2/N2 selectivity from this data is 75:1. Due to the high CO2 selectivity of 

bio-MOF-11 over all other gases and the negligible effect of H2O on the adsorption 

capacity, the material presents promising properties for the application in CO2 capture [77, 

109, 110]. 

Peikert et al. reported the synthesis of UHM-30, which is assembled by using 2-amino-

1,3,5-tricarboxylic acid as ligand and copper nitrate trihydrate as metal source. The CO2 

and CH4 adsorption capacities were measured and compared to the isostructural HKUST-1. 

In both cases the amine functionality on the ligand leads to an increase in uptake at 25 °C 

and 1 bar (Table  1.4) [100].  
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Table 1.4: CO2 and CH4 adsorption capacities in UHM-30 and HKUST-1 at 25 °C and 

1 bar. 

 CO2 adsorption capacity / 

wt% 

CH4 adsorption capacity / 

wt% 

HKUST-1 20.6 1.6 

UHM-30 23.1 1.7 

The generation of a porous tetrahedral framework material, Zn(ad)(ain)∙(DMF) (ain=2-

aminoisonicotinate, ad=adeninate, DMF=N,N-dimethylformamide), was reported by Yang 

et al. The amino-functionalised MOF shows a high CO2 adsorption capacity of 4.9 wt% at 

0.1 bar and 25 °C, a high CO2 adsorption enthalpy (40 kJ mol
-1

) and an excellent 

adsorption selectivity of 259 for CO2 over N2 under ambient conditions [111]. 

 
Figure 1.15: Sorption isotherms of Zn(ad)(ain)∙(DMF): CO2 adsorption/desorption 

isotherms at 25 °C (●) and N2 isotherm at 25 °C (■). Closed symbols (●): adsorption. 

Open symbols (○): desorption. Reproduced from [111] with permission of The Royal 

Society of Chemistry. 

There are also different approaches available in the literature for synthesising amine 

modified MOFs for further PSM [112]. For instance, Costa et al. reported the synthesis of 

MOF-LIC-1 using gadolinium(III) nitrate and BDC-NH2. The framework is characterised 

through amino functional groups which are oriented inside the pores and offer the 

possibility of further modification with ethylisocyanate or acetic acid by using PSM [97]. 

In order to allow PSM of the MIL-101(Fe) nanoparticles, Taylor-Pashow et al. prepared 

MIL-101(Fe)-NH2 by incorporating BDC-NH2. They found that particles with low BDC-

NH2 incorporation exhibited the same MIL-101 structure, but particles with higher BDC-

NH2 incorporation adopted the MIL-88b structure [99]. Wang et al. have prepared and 
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modified DMOF-1-NH2 ([Zn(BDC-NH2)(DABCO)]) and UMCM-41-NH2 [Zn4O(BDC) 

(BTB)4/3] (BTB=1,3,5-benzenetrisbenzoate). Both materials were used to evaluate the 

effects of structural variation and pore dimension on PSM [95]. 

1.3.2.2 Amine modification of MOFs via postsynthetic modification (PSM) 

In 1990 Hoskins and Robson suggested the principle of PSM [113], but it was formally 

introduced by Wang and Cohen [90]. It can be defined as the modification of a framework 

after it has been synthesised and can be divided into three areas: (a) covalent PSM, (b) 

dative PSM and (c) postsynthetic deprotection (PSD) (Figure  1.16).  

 
Figure 1.16: A general scheme illustrating the concept for (a) covalent PSM, (b) dative 

PSM, and (c) PSD. Adapted from with permission from [114] ("Postsynthetic Methods for 

the Functionalization of Metal–Organic Frameworks," Chemical Reviews, vol. 112, pp. 

970-1000, 2012/02/08 2011). Copyright (2011) American Chemical Society. 

One advantage of PSM over “prefunctionalisation” is the greater control over the type and 

number of functional groups that can be incorporated into the framework. PSM offers the 

possibility to modify the metal or organic components without affecting the overall 

stability of the framework and is therefore an excellent tool for preparing topologically 

identical, but functional diverse frameworks. Another advantage is the facileness of 

purification and isolation of modified products due to the direct performance of the 

chemical derivatisation on crystalline solids [87, 88].  

(b) 

(a) 

(c) 
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Wang et al. identified several key concepts that are of particular importance in the process 

of postsynthetic modification by using six linear alkyl anhydrides ([CH3(CH2)nCO]2O, 

where n=0, 2, 4, 8, 12, 18) and two branched anhydrides (trimethylacetic anhydride and 

isobutyric anhydride) to modify UMCM-1-NH2, IRMOF-3 and DMOF-1-NH2: 

1. the overall porosity of MOFs largely determines the degree of modification and the 

range of reagents that can be accessed, 

2. the framework connectivity and in particular, the local environment surrounding 

the targeted reactive groups (e.g. NH2) play an important role that affects the 

reactivity and, 

3. the size and shape of reagent molecules play a critical role in influencing the 

modification outcome [96].  

1.3.2.2.1 Covalent PSM 

The use of a reagent to modify a component of the MOF in a heterogenous, postsynthetic 

manner to form a new covalent bond is called covalent PSM. This type of PSM is the most 

extensively investigated of the postsynthetic methods and the target is generally the 

organic ligand of the MOF. Occasionally, such modification to the SBUs have also been 

described [114]. Examples for the covalent PSM on unfunctionalised ligand molecules in 

MOFs are discussed below. 

Bernt and co-worker reported the PSM of MIL-101(Cr) by modifying the terephthalate 

ligands. The nitration of MIL-101(Cr) to MIL-101(Cr)-NO2 using nitrating acid, is 

followed by a subsequent reduction to the amino functionalised MIL-101(Cr)-NH2. The 

schematic representation of the postsynthetic modification of MIL-101(Cr) is shown in Eq. 

1.11. Expanding the nitration time from 5 to 48 h, no multiple nitration of the aromatic 

system was observed due to the –M and –I (resonance (M) and inductive (I) effect: NO2 

group withdraws electrons from aromatic ring) effect of the nitro group which deactivates 

the system and prevents a second electrophilic substitution reaction [115]. 

 

(1.11) 
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The facile conversion of azide to primary amine MOFs using Staudinger reduction was 

reported by Nagata et al. In a first step AzM-BP was synthesised and characterised, before 

reducing the azide groups by using triphenylphosphine and H2O as reducing agents  

(Figure  1.17). Depending on the reaction time a partial (1 day) or a complete (1 week) 

conversion of the azide groups was observed. In the case of partial conversion, the primary 

amines were located near the surface and the azide groups at the core of the crystals, thus 

achieving a core-shell structure. The utilisation of both groups for further chemical 

modifications with different functional moieties for preparation of multi-component 

complex MOFs could pave the way to microfabricated porous materials for medical or 

optoelectrical applications [116]. 

 
Figure 1.17: Structure and Staudinger reduction of AzM-BP and concept of surface 

modification. Reproduced from [116] with permission of The Royal Society of Chemistry. 

1.3.2.2.2 Dative PSM 

Dative PSM is defined as the use of a reagent that forms a dative (e.g. metal-ligand) bond 

with a component of the MOF. Examples for dative PSM are the coordination of additional 

ligands to the SBU of the MOF or adding metal sources to the MOF, which will then bind 

to the organic ligand [114].  

Demessence et al. reported the functionalisation of the coordinatively unsaturated Cu
II
 

sites of the H2O stable MOF H3[(Cu4Cl)3(BTTri)8] (H3BTTri=1,3,5-tris(1H-1,2,3-triazol-
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5-yl)benzene) by using ethylenediamine (ED). In Figure  1.18 the CO2 and N2 adsorption 

isotherms for the functionalised and non-modified MOF at 25 °C are compared. At low 

pressure (up to 0.06 bar) the attraction of CO2 is greater for the more basic amine sites 

which leads to a CO2 adsorption capacity of 1.6 wt % for the amine modified MOF 

compared to 1.2 wt% for the non-modified MOF. Due to the fact that CO2 is filling the 

available pore volume at pressures above 0.1 bar, the adsorption capacity for the non-

modified MOF is 14.3 wt % at 1 bar, greater than that for the amine modified compound 

which is 5.5 wt %. While amine grafting does lead to a steeper rise in the CO2 isotherm at 

low pressure, the pore size of H3[(Cu4Cl)3(BTTri)8] appears to be too small to permit 

complete exposure of the resulting terminal alkylamines. On the other hand, the 

alkylamine functionalities endow the material with a higher CO2/N2 selectivity over the 

entire pressure range measured. At 25 °C the CO2/N2 selectivity for the amine 

functionalised MOF is 13:1 at 0.1 bar and 25:1 at 1 bar [64].  

 
Figure 1.18: CO2 (●) and N2 (▲) adsorption isotherms at 25 °C in H3[(Cu4Cl)3(BTTri)8] 

(black), in the ED modified MOF (green) [64] and in the MMEN amine modified MOF 

(blue) [117]. Reprinted with permission from [64] (A. Demessence, D. M. D'Alessandro, 

M. L. Foo, and J. R. Long, "Strong CO2 Binding in a Water-Stable, Triazolate-Bridged 

Metal-Organic Framework Functionalized with Ethylenediamine," Journal of the 

American Chemical Society, vol. 131, pp. 8784-8786, 2009.). Copyright (2009) American 

Chemical Society. Reproduced from [117] with permission of The Royal Society of 

Chemistry. 

However, McDonald and co-workers observed a CO2 working capacity of approximately      

7 wt% between 0.15 and 0.02 bar at 25 °C in H3[(Cu4Cl)3(BTTri)8] functionalised with 

N,N’-dimethylethylenediamine (MMEN). It therefore shows the highest binding strength 

for CO2 of any MOF reported to date. The cycling capacity of the MOF under dry 
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conditions is comparable or even greater than the working capacity of a 30 % MEA 

solution, which is frequently reported as 5.5 wt% [117]. 

The grafting of an alkylamine or poly-alkyamine functionality onto the CUS of MIL-

101(Cr) was reported by Hwang et al. [118], Kim et al. [119], Anbia et al. [120] and Lin et 

al. [121]. For the selective functionalisation of the CUS, ED as an effective grafting 

reagent with multifunctional chelating groups was chosen. As illustrated in Figure  1.19, if 

one amine group of ED is grafted to the CUS of MIL-101 by direct ligation, the other 

amine group can play the role of immobilised base catalyst [118].  

 
Figure 1.19: Site-selective functionalisation of MIL-101 through selective grafting of 

amine molecules (i.e. ethylenediamine) onto coordinatively unsaturated sites. Reprinted 

with permission from [114] (S. M. Cohen, ("Postsynthetic Methods for the 

Functionalization of Metal–Organic Frameworks," Chemical Reviews, vol. 112, pp. 970-

1000, 2012/02/08 2011). Copyright (2012) American Chemical society. 

Kim et al. suggested the use of diethylenetriamine (DETA) as a grafting agent due to the 

increased number of electron rich N sites, which are more shielded from the electron-

deficient Lewis acidic CUS in MIL-101. Pressures lower than 0.15 bar showed higher 

adsorption capacities than the unmodified MIL-101 framework. At higher pressures 

however, the adsorption capacity decreases from 7.9 wt% to 3.1 wt% at 25 °C and 1 bar 

due to the significant decrease in surface area after the modification [119]. The 

modification of MIL-101 with pentaethylenehexamine (PEHA) resulted in an 

improvement of the CO2 capacity at 25 °C and 10 bar from 3.74 wt% before the 

modification to 5.72 wt% after the incorporation [120]. On the other hand, poly-

alkylamines (e.g. PEI) offer a high amine density and accessible primary amine sites on 

the chain ends, resulting in a strong interaction with CO2. Lin et al. reported the use of 

linear PEI with an average molecular weight of 300 g mol
-1

 for the dative PSM of MIL-

101(Cr), which afforded a high-performance sorbent for post-combustion capture. A 
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number of different PEI loadings were studied and an increase in CO2 capacity was found 

in all cases. For example, a 100 wt% loading with PEI increases the CO2 adsorption 

capacity from 1.5 wt% before modification to 1.8 wt% after modification at 0.15 bar and 

25 °C [121].  

A similar approach was reported by Choi et al., in which ED was employed as a grafting 

reagent to functionalise the coordinative unsaturated sites of CPO-27-Mg (Mg-DOBDC). 

The modified MOF exhibited an improved CO2 working capacity at ultradilute CO2 partial 

pressures and an increased stability/regenerability (Figure  1.20) [122]. 

 
Figure 1.20: Changes in the CO2 working capacity of Mg/DOBDC and ED modified 

Mg/DOBDC. The working capacities were determined from multicycle TGA adsorption 

experiments in which dry 400 ppm CO2 in Ar was used as the test gas at room 

temperature. Adapted from [122] (S. Choi, T. Watanabe, T.-H. Bae, D. S. Sholl, and C. W. 

Jones, "Modification of the Mg/DOBDC MOF with Amines to Enhance CO2 Adsorption 

from Ultradilute Gases," The Journal of Physical Chemistry Letters, vol. 3, pp. 1136-1141, 

2012/05/25 2012.). Copyright (2012) American Chemical Society. 

The postsynthetic incorporation of piperazine onto the CUS of CPO-27-Ni for an enhanced 

ability of the framework to selectively separate CO2 from a CO2/N2 mixture was described 

by Das et al. (Figure 1.21). After the modification with secondary amines, a decrease in 

CO2 adsorption capacity from 25.5 to 14.1 wt% at 1 bar and 25 °C was observed. 

However, the CO2/N2 selectivity factor was improved from 30 to 51. The performance of 

the material in a 40-80 °C temperature swing process over 10 cycles indicated good 

stability and reversibility of the material with a CO2 working capacity of 10 wt% [123, 

124]. 
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Figure 1.21: Left: “Honeycomb” structure of CPO-27-Ni framework viewed along the one 

dimensional channels (Ni: blue, O: red, C: grey). Right: CO2 adsorption isotherm at 25 °C 

before (●) and after (●) modification of CPO-27-Ni with piperazine, (▲) N2 adsorption 

isotherm at 25 °C for amine modified CPO-27-Ni. Reproduced from [123] with permission 

of The Royal Society of Chemistry. 

1.3.2.2.3 Postsynthetic deprotection (PSD) 

PSD results in the cleavage of a chemical bond within an intact framework. In principle 

any kind of chemical bond (e.g. covalent, dative, etc.) can be broken during a PSD reaction 

to reveal a chemical functionality and produce materials with different properties. 

Although it is the least explored PSM method, it has already been shown to be a distinct 

and useful approach for modifying MOFs [114]. 

 
Figure 1.22: Thermally induced PSD on Zn4O(2)3. Reprinted with permission from [114] 

("Postsynthetic Methods for the Functionalization of Metal–Organic Frameworks," 

Chemical Reviews, vol. 112, pp. 970-1000, 2012/02/08 2011). Copyright (2011) American 

Chemical Society. 

Deshpande and co-worker reported the preparation of Zn4O(2)3. After protecting the amine 

group of the ligand 2-aminobiphenyl-4,4’-dicarboxylate (H22) with a bulky tert-

butylcarbamate (Boc) group, the MOF was assembled by heating the ligand, 

Zn(NO3)2∙4H2O in DEF (DEF=N,N-diethylformamide) at 85 °C. The protection of the 
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amine group is essential in order to prevent the preclusion of the MOF growth. The 

removal of the tert-butyl groups by thermolysis at 150 °C in DMF resulted in the 

generation of an IRMOF-10 analogue with free amine groups and a clear absence of 

interpenetration (Figure 1.22) [125]. 

1.3.3 Phosphonate MOFs 

Although metal phosphonates were among the first microporous inorganic hybrid 

adsorbents to be investigated, the development of new phosphonate and sulfonate based 

MOFs has not progressed as rapidly as the systems described above [126-130]. One 

explanation for this is the strong affinity and chelation of phosphonate groups to metal 

ions, which results in the predisposition of simple metal phosphonates to form a dense 

layered motif and therefore makes the formation of high surface area materials 

challenging. The second reason is the rapid precipitation of phosphonate MOFs as less 

ordered, insoluble phases, which makes the growth of single crystals more difficult. 

Furthermore, the higher number of ligating modes and the three possible states of 

protonation, makes the prediction of the coordination chemistry of these materials more 

difficult [131, 132]. 

However, research groups of Clearfield and Zubieta are regarded as pioneers in transition 

metal chemistry involving the solvothermal synthesis of phosphonate MOFs [133-145]. 

Possible applications of metal phosphonates include cation exchange, sorption, catalysis, 

catalyst supports, sensors as well as non-linear optics [146]. There is a rich variety of 

phosphonate building units that can be used as reagents (as acids or esters, for example) 

that are either commercially available or readily synthesises by Michaelis-Arbuzov- or 

Mannich-type reactions.  

 
Figure 1.23: Michaelis-Arbuzov reaction mechanism. Reproduced from [147], Copyright 

Elsevier (2005). 

The Michaelis-Arbuzov reaction was invented by Michaelis and investigated and 

developed by Arbuzov. The reaction mechanism consists of two nucleophilic substitutions 

and is shown in Figure  1.23. The first step is the nucleophilic attack of a trialkyl phosphate 

on the α-carbon of the alkyl halide, resulting in the formation of a quasi phosphonium salt. 
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The nucleophilic halide anion is then attacking the carbon atom of one of the alkoxy 

groups directly connected to the oxygen atom. A new C-X bond is formed after electron 

pair reorganisation and the simultaneous cleavage of C-O bond. The by-product is a new 

alkyl halide in which the alkyl group comes from the trialkyl phosphite.  

The first step in an acid catalysed Mannich reaction is the protonation of formaldehyde, 

followed by the nucleophilic attack of the nitrogen atom of ammonia, a primary or a 

secondary amine at the carbon atom of formaldehyde, which results in the formation of an 

iminium ion. The phosphorous atom of phosphorous acid can then attack the carbon atom 

of the iminium ion and a phosphonate is obtained (Figure  1.24). 

 
Figure 1.24: Mannich reaction mechanism. Reproduced from [147], Copyright Elsevier 

(2005). 

Like carboxylic acids, phosphonic acids are not prone to self condensation. Phosphonates 

form strong P-O-metal bonds with a range of metal cations, to which they can bind 

through one, two or three of these oxygen atoms per phosphonate group [148, 149]. Metal 

phosphonates are typically synthesised in aqueous solution, so it is not surprising that H2O 

is commonly found in their lattice, participating in extensive hydrogen bonding, which is 

predominant in these architectures resulting in 1D, 2D and 3D supramolecular networks. 

Unlike trivalent and tetravalent metal phosphonates, which are highly insoluble and tend to 

precipitate as poorly ordered layered materials, the solubility of divalent metal 

phosphonates is high enough to obtain single crystals by hydrothermal or solvothermal 

techniques.  

The application of most metal phosphonates in adsorption processes is limited, due to 

small pore sizes of 0.6 nm and less. Possible routes for the formation of porous structures 
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include the incorporation of co-ligands/templates or a direct reaction of metal salts with 

phosphonic acids [150, 151]. One example is the use of N,N’-

piperazinebis(methylenephosphonic acid), which resulted in phosphonate MOFs with large 

pores and high adsorption capacities [152]. Groves et al. reported the synthesis of the first 

fully crystalline metal phosphonate MOF (STA-12) with pores approaching 1 nm [126]. 

The dehydrated STA-12(Ni) showed a CO2 uptake of 26.4 wt% at 15 bar. At 1 bar the 

uptake was reported to be 10 times that of CH4, which is higher than that observed for 

adsorption on other large pore MOFs, such as MIL-100 and MIL-101 [153]. The use of 

N,N’-4,4’-bipiperidinebis(methylenephosphonic acid) lead to the formation of STA-16, 

which showed an extension of the pore size towards the mesoporous regime (1.8 nm) 

[154]. 

Furthermore, hydrothermal phosphonate MOFs containing phosphonate monoesters, e.g. 

CALF-25, have shown to be stable upon treatment with 95 % RH at 45 °C due to the 

protective shielding of alkyl groups (ethyl groups) lining the pores [155]. 

1.3.4 Water stability in MOFs 

In order to be applicable for industrial purposes, a good hydrothermal stability of sorbent 

materials is required in order to prevent additional costs for removing the H2O from the 

flue gas prior to the separation of CO2. However, one of the major drawbacks of MOFs is 

their hydrothermal stability due to the weak M-O-coordination, which allows the attack of 

H2O molecules. The result is a phase transformation, a decomposition of the framework 

and finally a poor reproducibility and a decrease in gas sorption capacities [156-158].  

The reaction of H2O with the metal oxide cluster in MOFs can involve ligand displacement 

and/or hydrolysis. During the ligand displacement a H2O molecule is inserted into a metal-

ligand bond as shown in Eq. 1.12:  

    M-L + H2O → M-(OH2)∙∙∙L                                           (1.12) 

After the metal-ligand bond is broken and H2O dissociates into a hydroxide anion and 

proton, the hydroxide anion binds to the metal, and the proton binds to the displaced ligand 

(Eq. 1.13)  

M-L + H2O → M-(OH) + LH                                        (1.13) 

Recently the H2O stability of some MOFs, such as MOF-5, MOF-177, HKUST-1, ZIF-8, 

MIL-100(Fe) and MIL-101 has been investigated [32, 159-164]. Among them, only ZIF-8, 
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MIL-100 and MIL-101 were found to be H2O stable. The level of relative humidity (RH) 

has shown to have a big impact on the stability of MOFs. Liang and co-workers showed 

that the CO2 capacities of conventional and HF-free MIL-101(Cr) were retained after the 

exposure to different relative humidities (30, 60 and 90% RH) [165]. In contrast to this, 

CPO-27(Zn) and CPO-27(Ni) were stable under 30 % RH, but collapsed under 60 % RH 

[160]. Although, CPO-27(Mg) is known for its superior CO2 capacities under dry 

condition, the coordination of H2O results a reduction of the CO2 uptake by 90 % upon 

exposure to 70 % RH at 25 °C [166]. Additionally, the metal incorporated into the SBU of 

any particular MOF can have an impact on the hydrothermal stability as is the case for the 

CPO-27 family (Co>Ni>Zn≈Mg). This trend can be explained with the reduction in the 

density of CUS for MOFs containing more readily oxidisable metals [167, 168].  

A promoting effect of H2O on the CO2 capacity has been reported for HKUST-1, MIL-

100(Fe) and MIL-101(Cr) [82, 169, 170]. While HKUST-1 decomposes in the presence of 

high relative humidity, Yazaydin et al. reported a 45 % increase in CO2 uptake after 

loading the MOF with 4 wt% H2O at 1bar and 25 °C [82]. Liu and co-worker observed a 

small increase in CO2 capacity from 2.16 wt% to 2.24 wt% after the treatment of MIL-

101(Cr) with 10 % RH, which can be explained with the electrostatic interaction between 

H2O bound to the CUS and the quadrupole moment of CO2. However higher RHs were 

found to result in a decrease in CO2 capacity due to competitive adsorption between H2O 

and CO2 [169]. The formation of microporous pockets after the pre-equilibration with H2O 

in the mesopores of MIL-100(Fe) was described by Soubeyrand-Lenoir et al. [170]. The 

treatment of the MOF with 40 % RH resulted in a 5fold increase of the CO2 uptake at low 

pressures. 

Different approaches are available in the literature to improve the H2O stability of MOFs 

by introducing hydrophobic groups. For instance, Yang et al. found that by synthesising 

MOF-5 with 2-methylterephthalic acid or 2,5-dimethylterephthalic acid, the moisture-

stability had been improved. MOF-5 is known to be unstable when exposed to more than 

4 wt% H2O. But with increasing the concentration of CH3 functionalities, the H2O uptake 

decreases and stays well below 4 wt% [157]. Another example for building H2O resistant 

MOF structures by introducing H2O repellent functional groups into the framework, was 

demonstrated by Wu et al. Banasorb-22 (a modification of MOF-5) contains the 

trifluoromethoxy group, which is known for its strong H2O repelling effects in polymer 

chemistry. To test the H2O stability, Banasorb-22 was exposed to the steam over boiling 
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H2O for one week and BET surface areas were measured. While the structure of MOF-5 

collapsed under the same conditions in just a few minutes from 2365 m
2
 g

-1
 to 50 m

2
 g

-1
, 

Banasorb-22 showed a decrease from 1113 m
2
 g

-1
 to 210 m

2
 g

-1
 after 1 week [171]. 

Nguyen and co-worker introduced hydrophobic alkylchains in amine functionalised 

IRMOF-3 and MIL-53(Al)-NH2 by using different anhydrides (e.g., palmitic anhydride, 

valeric anhydride) and studied their influence on moisture stability by using contact angle 

measurements after exposing the MOFs to ambient air or immersing them in H2O. They 

demonstrated, that medium to long alkyl groups shield the moisture sensitive IRMOF-3 by 

turning it into a hydrophobic material, but MIL-53(Al)-NH2 was transformed into a MOF 

with superhydrophobic properties [172]. 

1.3.5 Effect of flue gas and syngas impurities on the stability of MOFs 

The presence of flue gas (SOx, NOx) and syngas (H2S) impurities greatly affect the 

performance of adsorbents and the stability of MOFs. Only limited experimental studies on 

the impact of these impurities on the stability of MOFs and their CO2 uptake are available.  

Ding et al. performed computational studies on the effect of flue gas impurities on the CO2 

uptake in MOFs containing CUS (CPO-27(Mg, Ni, Co)), MOFs containing amine 

modified linker molecules (Bio-MOF-11, Zn-Atz-Ox) and HKUST-1, which has small 

side pockets that are connected to large central cages. GCMC simulations of five different 

ternary gas mixtures ((1) CO2, N2, CO; (2) CO2, N2, NO2; (3) CO2, N2, NO; (4) CO2, N2, 

O2; (5) CO2, N2 SO2) indicated no change in CO2 capacity with increasing concentrations 

(0.0001 to 10 %) of NO2, NO, CO and O2, but a slight decrease in N2 capacity was 

observed. In the case of SO2, both N2 and CO2 uptakes declined with increasing impurity 

concentrations. In all MOFs the adsorption capacity of SO2 was found to be higher than 

the CO2 uptake, which suggests that the occupancy of preferred adsorption sites and the 

exclusion of CO2 and N2 molecules is likely. Additionally, an initial increase in CO2 

capacity was reported, which was more pronounced in the CPO-27 frameworks due to the 

larger pores [173]. Allan et al. studied the effect of H2S on the crystalline structure of 

CPO-27(Ni). Although the MOF was highly stable over a period of six months, Chavan et 

al. found, that the formation of stable adducts at the nickel sites make a thermal activation 

at 200 °C necessary in order to remove the adsorbed H2S completely [174, 175].  

The influence of SO2 on the performance of HKUST-1 in a post-combustion process was 

evaluated using molecular modelling by Yu and co-worker. Higher binding energies of 
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SO2 to the HKUST-1 framework were calculated than for CO2, which result in a smaller 

CO2 capacity and CO2/N2 selectivity [176]. 

Liu and co-worker investigated the effect of NO and SO2 on the adsorption capacity of 

MIL-101(Cr). While they observed a gradual decrease in CO2 aqdsorption capacity with 

increasing the NO concentrations from 0 to 2000 ppm, SO2 only had a slight impact in the 

same concentration range. A possible explanation for the relatively small effect of the flue 

gas impurities on the CO2 adsorption capacities is the lack of functional groups, which 

leads to a replacement of these trace impurities by the much higher concentrated CO2 

[169]. 

Xiao et al. studied the NO adsorption properties of HKUST-1 and found that the material 

is a suitable storage material due to the high NO uptake of 9.0 wt% at 25 °C and 1 bar. By 

lowering the NO pressure to almost 0 bar, approximately 6.6 wt% of NO remained trapped 

inside the material. IR studies showed that this is due to the coordination of NO to the 

CUS lining the pore walls of HKUST-1 [177]. 

H2S adsorption isotherms (30 °C, 20 bar) on MIL-47(V), MIL-53(Al, Cr, Fe), MIL-

100(Cr) and MIL-101(Cr) were reported by Hamon et al. The breathing effect was 

observed in MIL-53(Al, Cr, Fe), which could be explained by the strong interaction of 

polar H2S with the OH group of the linker molecules resulting in a closure of the pores at 

low loadings (Cr: 13.3 wt%; Al: 14.3 wt%; Fe: 5.2 wt%). At higher loadings these 

interactions will break and the framework will reopen. CH4 isotherms were measured 

before and after H2S treatment and indicated that small pore MOFs (MIL-47(V) and MIL-

53(Cr, Al)) are stable towards H2S with the exception of MIL-53(Fe). In contrast to this, 

large pore MOFs (MIL-100(Cr) and MIL-101(Cr)) showed a decrease in CH4 capacity due 

to the strong interaction of H2S with the CUS in both frameworks [178]. 

1.4 Research objective 

The objective of this project is to evaluate a series of MOFs for their ability to capture CO2 

at pressures up to 0.5 bar. Enhanced CO2 capacities are being sought by two approaches or 

a combination of both: (i) “prefunctionalisation” and (ii) postsynthetic modification of 

MOFs containing CUS. Although previous studies of CO2 adsorption in DETA and PEI 

modified MIL-101(Cr) have been reported, the modification of MIL-100(Fe), MIL-

101(Cr)-NH2 and MIL-101(Al)-NH2 have not been previously examined.  
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The primary focus is to consider their potential application in a post-combustion process. 

A particular emphasis of the study is to determine the capabilities of the MOFs to operate 

under simulated vacuum swing condition in which the CO2 partial pressures are varied 

between 0.05 and 0.15 bar in order to determine the stability and regenerability over ten 

cycles. The effect of H2O is determined by saturating the MOFs with H2O vapour prior to 

the cycling experiments and measuring the PXRD before and after the exposure. 

Furthermore, the effects of NO2, NO and SO2 on the framework stability as well as the 

CO2 uptake are assessed. High pressure adsorption isotherms were measured for MOFs 

prior to the PSM, in order to evaluate the potential for pre-combustion carbon capture.  

1.5 Research hypothesis 

The following hypotheses are examined in this project: 

 It is hypothesised that metal phosphonates offer an alternative set of chemical 

and structural possibilities to the known carboxylates for CO2 capture. Until 

now only a few examples of metal phosphonates are known, and even fewer have 

been studied for their adsorption properties, probably because of their small pores 

and/or their lack of permanent porosity. Simple monophosphonate or linear 

diphosphonate ligands have been found to pack too efficiently to enable the 

formation of void space between the pillaring groups of the ligands. Therefore 

structures with larger pores and adsorption capacities are required. Triphosphonic 

acid might function as a robust synthon for the construction of two/three-

dimensional networks through the formation of strong hydrogen bonds. 

 It is hypothesised that modifications of MOFs with polar groups (i.e. -NH2, -

COOH) can lead to higher CO2 capacities and improved selectivities. Therefore 

postsynthetic modification (using polyethyleneimine, ethylenediamine, 

diethylamine, polypropylenimine octaamine dendrimer (2
nd

 generation)) or 

“prefunctionalisation” of MOFs (using 2-aminoterephthalic acid) are tested. The 

structures of DAB-AM-8, DETA, ED, branched PEI and linear PEI are illustrated 

in Figure 1.25. It is anticipated that postsynthetic modifications with ED, DAB-

AM-8, DETA and PEI will have a bigger impact on the CO2 capacity than the 

“prefunctionalisation”, due to the introduction of more active amine groups. Based 

on the literature review (Section 1.2.2.4), higher operation temperatures can be 

achieved after amine modifications, resulting in lower capture costs.  



Introduction 

40 

 

 It is hypothesised that, for practical applications, H2O stable MOFs are 

required which exhibit high CO2 capacity, high thermal stability and good 

long-term stability. This is necessary in order to facilitate handling and reduce 

costs. Unfortunately H2O sorption studies on MOFs are still scarce. It is therefore 

necessary to investigate their framework stability on H2O sorption because flue gas 

contains H2O vapour.  

 
Figure 1.25: Structure of DAB-AM-8, DETA, ED, linear PEI and branched PEI. 

 It is hypothesised that, for lowering the capture costs, MOFs are required that 

are stable in the presence of flue gas impurities. However, adsorption studies of 

these impurities in MOFs are very scarce. It is therefore necessary to investigate 

the framework stability and the impact this has on CO2 uptake, as these data are 

essential for process design. 
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2 Experimental details and characterisation techniques 

This chapter aims to provide a more detailed description of the experimental details 

characterisation techniques. 

2.1 Chemicals 

Table  2.1 shows a list of chemicals and their purities used for synthesising the ligands and 

characterising the MOFs. The chemicals used for the synthesis of the MOFs are given in 

Chapters 3 to 6. Starting materials and solvents were purchased and used without further 

purification from commercial suppliers unless indicated otherwise. 

Table 2.1: Chemicals for the synthesis of the ligands and gases used in this work. 

Chemical name Formula Purity/Supplier 

4,4’-bipiperidyl-dihydrochloride C10H20N2∙2HCl 99 %, Alfa Aesar 

Sodium bicarbonate NaHCO3 ≥ 99.7 %, Ajax Chemicals 

Trimesic acid C6H3(CO2H)3 95 %, Sigma Aldrich 

Ethanol C2H5OH ≥ 99.7 %, Merck 

Formaldehyde CH2O 40 % w/v GR grade, Merck 

Hydrobromic acid HBr Extra pure, Merck 

Methanol CH3OH ≥ 99.8 %, Merck 

Phosphorous acid H3PO3 97 %, Alfa Aesar 

Sulphuric acid H2SO4 98 % AR grade, Merck 

Deuterated chloroform CDCl3 99.8 %, Merck 

Argon Ar High purity, BOC and Air 

Liquide 
1
 

Carbon dioxide CO2 Food grade, Coregas and 

Air Liquide 
1
 

Helium He High purity, Air Liquide 

Liquid nitrogen N2 Liquid nitrogen, School of 

Chemistry supply, BOC 

and Air Liquide 

Nitrogen N2 High purity, BOC and Air 

Liquide 

1
used after in-line purification by a zeolite 13X-based H2O trap 
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Table 2.1 (continued): Chemicals and gases used in this work. 

Chemical name Formula Purity/Supplier 

1 ± 0.01 % Nitric Oxide in Argon NO Air Liquide 

1 ± 0.01 % Nitrogen Dioxide in 

Argon 

NO2 Air Liquide 

1 ± 0.01 % Sulfur Dioxide in 

Argon 

SO2 Air Liquide 

2.2 Synthesis and characterisation of ligands 

2.2.1 Synthesis and characterisation of trimethyl-1,3,5-benzenetricarboxylate 

Trimethyl-1,3,5-benzenetricarboxylate was synthesised following the route published by 

Kathiresan et. al. [1]. 

 

Trimesic acid (10.01 g, 47.6 mmol) was suspended in 30 mL methanol and heated to 

reflux. 1.6 mL of conc. sulphuric acid was added and a clear solution was obtained, which 

was refluxed for 6 h. After 2 h a white solid precipitated from the solution. The mixture 

was cooled to room temperature, slowly neutralised with saturated sodium bicarbonate 

solution, filtered and washed with excess H2O. It was then dried at 105 °C to yield 9.75 g 

(81.1 % (Lit.: 95 %)) of a white solid. The product was characterised by melting point 

analysis, 
1
H and 

13
C-NMR and FTIR. 

The melting point of trimethyl-1,3,5-benzenetricarboxylate was determined to be 144-

145 °C, which is in good agreement with the range of 144-144.5 °C given in the literature.  

The 
1
H and 

13
C-NMR spectra are shown in Figure  2.1 and 2.2. From both a good purity of 

trimethyl-1,3,5-benzenetricarboxylate can be concluded. 

 

(2.1) 
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Figure 2.1: 

1
H-NMR of trimethyl-1,3,5-benzenetricarboxylate in CDCl3 recorded at 

400.17 MHz. 

 
Figure 2.2: 

13
C-NMR of trimethyl-1,3,5-benzenetricarboxylate in CDCl3 recorded at 

100.62 MHz. 
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1
H-NMR (400 MHz, CDCl3): δ=8.88 (s, 3 H, H1), 4.01 (s, 9 H, H2). 

13
C-NMR (400 MHz, CDCl3): δ=165.3 (3 C, C1), 134.5 (3 C, C2), 131.2 (3 C, C3), 52.7 (3 

C, C4). 

The FTIR spectrum (Figure  2.3) shows four characteristic bands of the aromatic ring at 

3098/3017 cm
-1

 (aromatic (sp
2
) C-H stretch), 1451/1432 cm

-1
 (aromatic C=C stretch), 

999 cm
-1

 (trisubstituted aromat) and 738/721 cm
-1

 (aromatic C-H bending). Two ester 

stretch vibrations can be found at 1730 cm
-1

 (C=O stretch) and 1260/1247 cm
-1

 (C-O 

stretch). The bands at 2956/2849 cm
-1

 and 1342 cm
-1

 are characteristic for the methyl (sp
3
) 

C-H stretch and for the methyl bending respectively.  

 
Figure 2.3: FTIR spectra of trimethyl-1,3,5-benzenetricarboxylate. 

2.2.2 Synthesis and characterisation of N,N’-4,4’-bipiperidinebis(methylene-

phosphonic acid) tetrahydrate (H4LL) 

The synthesis of N,N’-4,4’-bipiperidinebis(methylene-phosphonic acid) tetrahydrate was 

described by Wharmby et al. using 4,4’-bipiperidine dihydrochloride, phosphorous acid, 

hydrobromic acid solution and formaldehyde in a Mannich reaction [2]. 
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7.18 g (29.7 mmol) of 4,4’-bipiperidyl dihydrochloride and 6.41 g (78.1 mmol) 

phosphorous acid were dissolved in 30 mL H2O and 21 mL hydrobromic acid solution 

(47 wt.% aqueous solution) was added. Formaldehyde (13 mL) was added dropwise to the 

reaction over 30 minutes. The solution was then refluxed for 20 h at 120 °C. On cooling, 

the solvent volume was reduced and a white precipitate was formed. To ensure complete 

precipitation, the mixture was cooled to 5 °C overnight. The product was separated by 

filtration, washed with a cold ethanol-H2O solution (9:1, 3x10 mL) and dried at 40 °C to 

give 8.67 g (68 %) of N,N’-4,4’-bipiperidinebis(methylenephosphonic acid) tetrahydrate. 

The results of the elemental analysis are shown in Table  2.2. The experiment was 

performed twice to determine the reproducibility of the results. The percentages obtained 

by elemental analysis are lower than those calculated for the crystallographic composition 

C12H26N2O6P2∙4H2O, consistent with the presence of residual phosphorous acid. This 

result suggests that the ligand was not entirely in its pure form. 

Table 2.2: Elemental chemical analysis of H4LL. 

 H4LL Calculated 

C 30.77% 30.91 % 33.65 % 

H 5.94 % 6.16 % 8.0 % 

N 5.96 % 5.93 % 6.5 % 

The 
13

C and 
31

P-NMR spectra are shown in Figure  2.4 and 2.5. In contrast to the literature 

N,N’-4,4’-bipiperidine(methylenephosphonic acid) tetrahydrate synthesised in this work 

was insoluble in D2O/NaOH. Therefore solid state 
13

C and 
31

P-NMR (
1
H decoupling) were 

performed. The 
31

P-NMR in the literature is characterised by a triplet at 15.5 ppm, due to 

the acquisition with 
1
H coupling [2]. The chemical shift at 13.89 ppm is indicative for the 

present phosphonate groups. The two smaller singlets at 10.21 and 8.23 ppm are 

(2.2) 
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presumably due to the presence of some residual phosphorous acid, consistent with the 

results from the elemental analyses. The difference could be due to the lower resolution of 

solid state NMR or because of impurities of the ligand (e.g. polymerisation of product). 

 
13

C-NMR (400 MHz): δ=59.3 (2 C, C1), 52.7 (4 C, C2), 37.4 (2 C, C3), 28.1 (4 C, C4). 

31
P-NMR (400 MHz): δ=13.89 (s), 10.21 (s), 8.23 (s). 

 
Figure 2.4: 

13
C-NMR of H4LL in solid state at 100.62 MHz. 
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Figure 2.5: 

31
P-NMR of H4LL in the solid state recorded at 161.98 MHz. 

 
13

C-NMR (400 MHz): δ=59.3 (2 C, C1), 52.7 (4 C, C2), 37.4 (2 C, C3), 28.1 (4 C, C4).  

31
P-NMR (400 MHz): δ=13.89 (s), 10.21 (s), 8.23 (s). 

The IR spectrum of N,N’-4,4’-bipiperidinebis(methylenephosphonic acid) tetrahydrate is 

shown in Figure  2.6. The spectrum shows a broad band at 2944/2868 cm
-1

 and 2743/       

2709 cm
-1

 which are characteristic for methylene C-H stretch and P-O(H) stretch 

vibrations. The second P-O(H) stretch can be found at 877 cm
-1

. Three more characteristic 

bands of the phosphonate groups can be observed at 1339-1244 cm
-1

 (P=O stretch), 

1261/1244 cm
-1

 (P-O-H bend) and 1023/975 cm
-1

 (P-O stretch). The band at 1434 cm
-1

 is 

characteristic for the CH2 bend vibration. Between 1199 and 1135 cm
-1

 the C-N stretch of 
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tertiary amines can be found. Two additional bands of the methyne groups can be observed 

at 1389 cm
-1

 (methyne C-H bend) and 1300-700 cm
-1

 (skeletal C-C vibration). 

 
Figure 2.6: FTIR spectra of H4LL. 

2.3 Synthesis of MOFs 

Table  2.3 gives a brief summary of the MOFs produced for this thesis. More detailed 

preparation procedures are given in the chapters indicated in the table.  

Table 2.3: Summary of MOFs prepared in this work. 

MOF Refer to chapter Brief summary of synthesis 

MIL-53(Al)-NH2  4.2.2.2 Hydrothermal, 150 °C, 5 h 

MIL-53(Al)-NH2-AM  4.2.2.3 PSM of MIL-53(Al)-NH2 

MIL-100/MIL-110(Al)  3.2.2.2 Hydrothermal, 210 °C, 5 h 

MIL-100(Fe)  3.3.3.2.2 Hydrothermal, 130 °C, 3 days 

MIL-100(Fe)-ED-2.5  3.3.3.2.3 Grafting, overnight 

MIL-100(Fe)-ED-3 3.3.3.2.3 Grafting, overnight 

MIL-100(Fe)-PEI-3 3.3.3.2.3 Wet impregnation, overnight 

MIL-100(Fe)-PEI-22 3.3.3.2.3 Wet impregnation, overnight 

MIL-100(Fe)-PEI-25 3.3.3.2.3 Wet impregnation, overnight 

MIL-101(Al)-NH2  3.5.3.2 Solvothermal, 110 °C, 19 h 

MIL-101(Al)-NH2-PEI-48  3.5.3.3 Wet impregnation, overnight 

MIL-101(Al)-NH2-PEI-96 3.5.3.3 Wet impregnation, overnight 

MIL-101(Al)-NH2-DAB-AM-94 3.5.3.3 Wet impregnation, overnight 

MIL-101(Al)-NH2-DETA-89 3.5.3.3 Wet impregnation, overnight 
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MOF Refer to chapter Brief summary of synthesis 

MIL-101(Cr)  5.2.3.1.2 Hydrothermal, 220 °C, 8 h 

MIL-101(Cr)-NH2  3.4.3.2 Hydrothermal, 130 °C, 24 h 

MIL-101(Cr)-NH2-PEI-68  3.4.3.3 Wet impregnation, overnight 

MIL-101(Cr)-NH2-PEI-88 3.4.3.3 Wet impregnation, overnight 

MIL-101(Cr)-NH2-PEI-130 3.4.3.3 Wet impregnation, overnight 

MIL-101(Cr)-NH2-DETA-88 3.4.3.3 Wet impregnation, overnight 

MIL-101(Cr)-NH2-DAB8-145 3.4.3.3 Wet impregnation, overnight 

MIL-101(Cr)-NH2-ED-128 3.4.3.3 Grafting, overnight 

STA-16(Co)  3.6.3.2 Hydrothermal, 220 °C, 3 days 

CoMOF 6.2 Hydrothermal, 220 °C, 3 days 

2.4 Characterisation techniques 

2.4.1 Infrared spectroscopy 

Infrared spectroscopy is a common technique for characterising a wide range of materials. 

The basic components of a FTIR spectrometer are shown in Figure  2.7. The source 

generates monochromatic light, which enters the interferometer. In most FTIR 

spectrometers a Michelson interferometer is used which consists of two perpendicular 

plane mirrors and a beamsplitter. The monochromatic light is sent to the beamsplitter, 

where part of the light is transmitted and travels toward the fixed mirror. The other part is 

reflected and travels towards the moving mirror. Both mirrors reflect the beams towards 

the beamsplitter, where both beams are recombined into a single beam, which then leaves 

the interferometer. The IR beam is passed through a sample and the transmission intensity 

is detected. The signal is then amplified and converted to a digital signal, which is send to 

a computer, in which the Fourier transformation is carried out. The principle of IR is based 

on the vibration of molecules, which can result in absorption of the IR radiation if a change 

in electric dipole moment occurs. The absorption/vibration is the result of a change in bond 

length (stretching) or a change in bond angle (bending) [3, 4].  

 
Figure 2.7: Components of an FTIR spectrometer [5]. 

At the start of this project, Infrared spectra were recorded on potassium bromide pellets in 

a Perkin-Elmer Spectrum RXI Fourier-transformed infrared spectrometer in the spectral 

range of 4000 to 600/400 cm
-1

. Small amounts of sample were dispersed with potassium 
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bromide, ground and pressed into a pellet using a Specac brand press. The background 

correction, measured on a pure potassium bromide pellet, was performed automatically by 

the instrument control software. 

In later stages of the project, infrared spectra were recorded on an Agilent Cary 630 

Diamond ATR in the spectral range 4000 to 650 cm
-1

. Prior to each measurement the 

background was recorded. A small amount of sample was then placed on the diamond 

crystal, the pressure clamp was tightened and the spectrum was measured.  

2.4.2 Nuclear Magnetic Resonance Spectroscopy (NMR) 

NMR experiments were conducted on the ligands synthesised in this work to elucidate 

their structure. Most modern spectrometers contain a high-resolution magnet based on 

superconducting solenoids. A coil of superconducting wire is immersed in a cryostat filled 

with liquid Helium at -269 °C. The magnetic field is generated by a current circulating in 

the coil. The Helium dewar is surrounded by layers of vacuum and liquid N2 in order to 

prevent the loss of liquid Helium. The excitation of the NMR active nuclei is achieved by 

the application of a short intense pulse of radiofrequency radiation. After the pulse is 

switched off, the nuclei are releasing the energy they have acquired. The detector is 

recording the decrease in signal in the form of a free induction decay (FID). The pulse 

process is repeated and the sum of the FIDs is converted into the usual NMR spectra by 

Fourier transformation (FT). In solid state NMR, high-power decoupling is required in 

order to remove dipolar interactions, which can’t be seen in liquid state. To avoid 

broadening due to chemicals shift anisotropies and residual 
1
H-

13
C dipolar coupling, magic 

angle spinning (MAS) is applied in solid state NMR [4, 6, 7]. 

1
H and 

13
C-NMR spectra were recorded on a Bruker UltraShield 400 Plus spectrometer at 

400.17 and 100.62 MHz, respectively. A solution of trimethyl-1,3,5-benzenetricarboxylate 

was prepared by dissolving 10 mg (
1
H) or 25 mg (

13
C) of sample in deuterated chloroform 

(CDCl3). 

Due to the insolubility of N,N’-4,4’-bipiperidinebis(methylene-phosphonic acid) 

tetrahydrate in tested deuterated solvents, 
13

C-NMR
 

(100.62 MHz)
 

and 
31

P-NMR 

(161.98 MHz) were performed  in the solid state on a Bruker Avance 400 (9.4 Tesla 

magnet) with a 4 mm multinuclear solid state probe at room temperature. The samples 
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were packed into 4 mm zirconium dioxide rotors with a Kel-F cap and the spectra were 

recorded using cp-mas (cross polarised magic angle spinning) technique. 

The spectra were collected and processed using Brukers Topspin 2.1 program. 

2.4.3 Melting point measurement 

Melting point measurements were performed on the ligands synthesised in this work in 

order to determine their purity. A small amount of sample was placed in a capillary, which 

was then inserted into a melting point apparatus, SMP3 from Stuart Scientific. The 

required plateau temperature and heating rate were selected and the melting point was 

determined. 

2.4.4 Elemental analysis 

In order to determine, the carbon, hydrogen, nitrogen and phosphorous contents of the 

materials, elemental analysis was performed in the Campbell Microanalytical Laboratory 

at the University of Otago. The principle of elemental analysis is based on the high 

temperature oxidation of organic compounds and the conversion of the elements to 

gaseous molecules [4]. The experimental values were compared to the theoretical values, 

which were calculated from the empirical formulas.  

2.4.5 Powder X-ray diffraction and Single crystal X-ray diffraction 

X-rays are electromagnetic waves that are produced by the collision of high energy 

electrons with a metal anode inside a sealed vacuum tube. The loss of kinetic energy 

generates continuous X-rays of various wavelengths. X-rays of maximum energy are 

produced if a single collision results in a complete loss of energy. The generated X-rays 

exit the tube via beryllium windows and are scattered by the electrons around the nucleus 

of the atoms in the sample [8, 9].  

W.H Bragg and W.L. Bragg described the diffraction of x-rays from a crystalline sample 

in form of mirror reflections of the incident beam from a series of parallel and equally 

spaced crystallographic planes. These planes are characterised by the same Miller indices 

hkl. In contrast to visible light, X-rays penetrate deep into the material and are therefore 

passing several planes of atoms in the lattice. The illustration of Bragg’s law (Figure  2.8) 

shows that the angle of the incident beam is equal to the angle of the reflected beam. 

Depending on the position of the atoms, the X-rays travel different distances until they 
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interact with the atoms of the sample. The path differences Δ before and after the reflection 

of the electromagnetic waves can be determined by the distance dhkl between the 

crystallographic planes (Eq. 2.3). 

Δ=dhklsinθ     (2.3) 

If the total path difference 2Δ is equal to an integer n of the wavelength λ, the waves are in 

phase (constructive interference) and reflection is observed. By applying this to Eq. 2.3, 

Bragg’s law can be obtained (Eq. 2.4) [10-13]. 

nλ=2dhklsinθ     (2.4) 

Although the principle of PXRD and single-crystal XRD are the same, the presentation of 

the data is different. In single-crystal XRD, the data is presented as a two-dimensional 

pattern of spots which correspond to the lattice planes, while in PXRD the data is plotted 

as one-dimensional diffraction patterns. Single-crystal XRD is commonly used to 

determine the structure of single crystals of sufficient size. In order to determine the phase 

purity and/or the size of the unit cell, PXRD can be performed [14]. 

 
Figure 2.8: Illustration of Bragg's law [12]. 

2.4.5.1 Powder X-ray diffraction (PXRD) 

Powder x-ray diffraction (PXRD) experiments were carried out on a Bruker D8 Focus 

Bragg-Brentano powder diffractometer containing a X-ray source with a copper anode, 

giving Cu Kα radiation of a wavelength of 1.54059 Å (Kα1) and 1.54443 Å (Kα2) (Figure 

 2.9)  The ratio of the Kα1 to Kα2 intensities is two to one. The range of scattering angles 

employed was 1 to 30 ° with a scan rate 0.1 to 0.5 ° min
-1

. Prior to the experiments, all 
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samples were ground to give a fine powder, which was mounted on a silicon low 

background sample holder using ethanol. In some cases a second sample holder made of 

PMMA (polymethyl methacrylate) was used if sufficient sample was available. The 

grinding of the samples allows small crystallites to be oriented in every possible direction. 

The PXRD pattern were simulated using the module “Reflex Tools” in Materials Studio 

6.0 [15]. 

 
Figure 2.9: General components of Bruker D8 Focus Bragg-Brentano powder 

diffractometer and sample holders used in this work. 

2.4.5.2 Single crystal X-ray diffraction 

Single crystal x-ray diffraction was performed on an OXFORD Gemini Ultra CCD 

diffractometer equipped with an Oxford Cryosystems 700 Cryostream. The basic 

components of the instrument are shown in Figure 2.10. The crystal was cooled to -150 °C, 

before collection the data using Cu Kα radiation (λ=1.5418 Å). The data was processed 

with CrysAlisPro software. The structure was solved by Direct Methods and refined using 

full matrix Least Squares with the SHELX-97 program suite [16]. A detailed description of 

the structure solution is given in the supplementary material of the communication in 

Chapter 6.2. 
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Figure 2.10: General components of the Oxford Gemini Ultra CCD diffractometer. 

2.4.6 Helium pycnometry 

The true densities of the materials were determined by helium pycnometry using an 

AccuPyc 1340 from Micromeritics. Helium was used as the measurement gas due to its 

small atom size and inert character, which allows the penetration into the smallest voids or 

pores. After calibrating the expansion and cell volume, the vacuum dried samples (0.1-

0.4 g) were placed into a 1 cm
3
 cell, before installing the cell into the analysis chamber. 

The cell chamber was then purged with helium until the purge fill pressure of 

approximately 1.3 bar was reached. After venting the chambers the helium density was 

calculated from the volume of helium displaced by a known mass of sample. In order to 

determine the reproducibility of the result, the helium densities were performed 20 times 

and the mean value was taken.  

2.4.7 Textural property measurement 

N2 physisorption at -196 °C was used to determine the specific surface area and the pore 

size distribution. At the start of this project a Coulter Omnisorp 360CX gas sorption 

analyser was used, which has a built-in degas station. During the project, a new TriStar II 

3020 (Micromeritics) was purchased and used for the analyses. As the majority of samples 

were characterised utilising TriStar II 3020, the procedure of the measurement is described 

in the following paragraph. The N2 sorption experiments measured on the Coulter were 

performed in a similar manner. 



Experimental details and characterisation techniques 

67 

 

All samples were pretreated under vacuum at temperatures between 90 °C and 220 °C 

(depending on the decomposition of the material, Table  2.4) for at least 12 h in the 

VacPrep 061 degasser (Micromeritics) in order to remove solvent molecules and adsorbed 

impurities inside the pores. Afterwards the sample tubes were backfilled with helium and 

installed in the TriStar II 3020. The samples were then evacuated and free space 

measurements using helium were performed, before the samples were brought to -196 °C. 

The gas was dosed into the manifold until a certain pressure was reached. The pressure and 

the temperature were recorded and the sample valve was opened. N2 was adsorbed and the 

difference between expected and measured pressure was used to determine the nitrogen 

uptake. The pressure was increased in steps, and the measurement repeated at each step, up 

to a relative pressure of 1, after which analogous stepwise desorption measurements were 

taken.  

In case of the non-porous CoMOF (Chapter 6) no reasonable data could be obtained on 

TriStar II 3020. Therefore, Ar physisorption was performed at -186 °C on ASAP 2020 

(Micromeritics), which is equipped with a cryostat. The measurement principle is the same 

as described above. 

Table 2.4: Activation temperatures for MOFs. 

MOF Activation temperature / °C 

MIL-100/MIL-110(Al) 220 

MIL-100(Fe), MIL-101(Cr), MIL-53(Al)-NH2, STA-

16(Co), CoMOF 

150 

MIL-101(Al)-NH2, MIL-101(Cr)-NH2 and 

PEI/DETA/DAB-8 modified MOFs 

110 

ED modified MOFs 90 

The specific surface areas were calculated using the Brunauer-Emmet-Teller (BET) model 

over the relative pressure range of 0.01 to 0.2 [17]. The pore size distribution was 

determined via the Barrett‐Joyner‐Halenda (BJH) model using the desorption isotherm 

[18]. Both models are available in the data processing software of the TriStar II 3020. 

2.4.8 Scanning electron microscopy (SEM) 

A schematic of a SEM is shown in Figure  2.11. Firstly, electrons are generated in an 

electron gun and accelerated to an energy between 0.1 and 30 keV. The electron beam then 

passes two or more magnetic lenses, before hitting the sample. The magnetic condenser 
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lens enables the change of the electron probe diameter and the probe current. The magnetic 

objective lenses produce a focussed electron beam with a small spot size on the specimen 

surface, which is scanned across the specimen in two perpendicular directions (x, y) using 

deflection coils. The deflection coils are located above the objective lenses on either side 

of the optical axis [4, 19-21].  

 
Figure 2.11: Basic components of the SEM [4]. 

After the electron beam enters the sample, the accelerated electrons are scattered 

elastically and in-elastically. Some electrons lose significant energy by inelastic collisions 

and leave the sample surface with a typical energy of 10 to 30 eV (Emax=50 eV). These 

secondary electrons are produced close to the sample surface (<50 nm) and are used for 

obtaining information about the morphology and topology of a sample. In case of elastic 

scattering, the electrons retain their kinetic energy and are reflected at random angles. 

These backscattered electrons can be obtained from depth up to 500 nm. The resolution of 

backscattered electron (BSE) images depends on the atomic number of the irradiated 

specimen area and the angle between the specimen and the electron beam/detector. BSE 

images can be useful to highlight compositional differences across a sample, due to the 

differences in atomic number of the elements and their distribution. Other possible 

mechanisms for the formation of secondary electrons include the interaction of the electron 

beam with the backscattered electrons or the collision of the backscattered electrons with 

the wall of the objective lens. A third type of signal can be used to quantitatively determine 

the composition of the sample. This technique is called energy dispersive x-ray 

spectroscopy (EDS) and uses the characteristic x-rays which are produced in a two-step 

process. In the first step the energy beam hits the sample and ionises an atom by removing 
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an electron from an inner valence shell. This vacancy is then filled by an outer shell 

valence electron and a photon is emitted [20, 22, 23].  

In order to determine the particle shape and morphology of the MOFs, SEM images were 

obtained on a JEOL 7001F microscope, which is equipped with a Schottky-type field 

emission gun (FEG). The general setup of the microscope is shown in Figure  2.12. 

 
Figure 2.12: Scanning electron microscope (JEOL 7001F), equipped with a Bruker X-

flash EDX detector. 

Before the characterisation of the samples with SEM, all samples were degassed under 

vacuum overnight in order to remove any moisture or solvents. A small amount of sample 

was mounted on a stub (diameter=12.5 mm) using double-sided carbon tape and loose 

powder was removed by N2 purge. To prevent the charging of the sample surface by 

electron beam interaction and/or by the low yield of secondary electrons during the 

imaging process, all materials were coated with platinum (2 mm thickness) for 0.5 minutes 

using a Cressington Sputter Coater. 

The specimen exchange chamber is vented and the stub inserted. After evacuating the 

system the stub is transferred into the microscope. When the vacuum has reached 5x10
-4 

Pa 

or less, the electron gun is switched on and the alignment and astigmatism correction is 

performed before obtaining the images and/or EDS analysis. 

2.4.9 Thermal stability measurement 

In order to obtain information about the amount of volatile components and/or residual 

solvents as well as about the thermal stability of the materials, thermogravimetric analysis 

was performed using a Setaram TAG 24-16 simultaneous symmetrical thermoanalyser 
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which features programmable mass flow controllers made by Bronkhorst, through which 

the gas (air and Ar) flows into the thermoanalyser. The total flow rate of 70 mL min
-1

 was 

used for all experiments. Due to the fact that the gas stream was divided into two streams 

only 35 mL min
-1

 were passed over the sample. The other half was directed over a 

reference hangdown, which automatically allows for buoyancy corrections during the 

experiment. A sample of 10-20 mg was used for thermal stability measurements. Blank 

runs were performed for each temperature program to account for any buoyancy effects 

present. 

 
Figure 2.13: Temperature program for thermal stability measurements. 

Two different temperature programs (Figure  2.13) were used in this work to investigate the 

decomposition of the materials. The difference between both profiles is the heating rate 

used. The aluminium and chromium MOFs were heated with a rate of 10 °C min
-1

, while a 

heating rate of 2 °C min
-1 

was applied for the other MOFs (MIL-101(Fe)-NH2, STA-

16(Co)). 

In the first step, the sorbents are pre-treated at a temperature of 110 °C for 60 minutes to 

remove all volatile matter inside the pores. For the last 30 minutes of this period, the gas 

composition was changed from 100 vol% Ar to 50 vol% air and 50 vol% Ar. Afterwards 

the samples were heated to 900 °C to achieve a complete decomposition of the framework. 

After 15 minutes at 900 °C the air flow was switched off and the temperature was held for 

additional 15 minutes before the system was cooled down to 20 °C. 
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2.5 Sorption measurements 

2.5.1 CO2 sorption at low pressure 

CO2 adsorption and desorption was measured by combined TGA and differential thermal 

analysis (DTA) using a Setaram TAG 24-16 simultaneous symmetrical thermoanalyser. 

The aim of these experiments is to assess the extent to which the sorbent is capable of 

adsorbing and releasing CO2 at one or more specific temperatures. 

 
Figure 2.14: Gas and temperature program of adsorption/desorption measurement in 

Ar/CO2. 

After activating the MOFs under Ar at an elevated temperature (Table  2.4) for 1 h, the 

system was cooled down until the desired adsorption/desorption temperature was reached. 

The thermoanalyser was then allowed to equilibrate for 20 minutes before CO2 was 

switched on. The amount of CO2 was increased in five steps (2.1, 5.2, 14.7, 29.7 and 

49.8 vol% CO2) and then reduced in five steps (29.7, 14.7, 5.2, 2.1 and 0 vol% CO2) by 

increasing the amount of Ar in the gas stream. This procedure of changing the gas feed 

composition is able to mimic a pressure swing adsorption process by varying the partial 

pressure of CO2. After the last desorption step the temperature was kept constant for 

another 20 minutes. At the end of the experiment the MOFs were heated to their activation 

temperature in order to desorb the CO2 fully. The procedure is shown in Figure  2.14, the 

activation temperatures are given in Table  2.4. The timeframe of each experiment 

depended on the activation temperature as well as the adsorption/desorption temperature 

and on the length of each adsorption/desorption step. The measurements were repeated in 
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absence of the sample order to compensate for residual buoyancy effects present during the 

analyses. The limit of the TG resolution is ± 0.05 mg g
-1

. The heats of adsorption were 

calculated from the DTA data (see Chapter 3.3, 3.4 and 3.5) with an estimated standard 

error of ±2 kJ mol
-1

 [24].  

2.5.2 Gas sorption at high pressure 

The sorption isotherms for CO2 and N2 were measured using a High Pressure Volumetric 

Analyser 200 (HPVA) from Micromeritics (Figure  2.15). Prior to transferring the samples 

into the sample tube, approximately 0.1 – 0.4 g of MOF were activated on the VacPrep 

061 (Micromeritics) under vacuum overnight. The dried sample mass was determined and 

the sample tube installed onto the degas port, where the sample was degassed until the 

vacuum reached 0.04 mbar. After connecting the sample tube to the analysis port, the 

system was degassed and purged three times with helium before the valve on the sample 

tube was opened. Prior to the adsorption of the gases a free space measurement was 

performed at room temperature and at the analysis temperature. The analysis temperature 

was set using a thermostat bath (25-75 °C) or the oven (105 °C). A known amount of gas 

(adsorptive) was introduced into the sample chamber. When the sample reaches 

equilibrium with the adsorptive gas, the final equilibrium pressure is recorded and the 

quantity of gas adsorbed/desorbed is calculated. This process is repeated until the data at 

all preselected pressures have been acquired. Between measurements at different 

temperatures or with different adsorptives, the samples were evacuated at the degas port at 

the temperatures given in Table  2.4. Blank runs were performed for each 

temperature/adsorptive and subtracted from the sorption isotherms. 

The H2O stability of the materials was determined by measuring sorption isotherms for 

CO2 and H2O vapour at 25 °C using a Intelligent Gravimetric Analyser (IGA-1 series, 

Hiden Analytical Ltd.), modified by the addition of a vapour generator. Prior to measuring 

the isotherms, the sample was outgassed overnight at elevated temperature (Table  2.4) 

under vacuum, before evacuating the sample 25 °C until no further weight loss was 

observed. Adsorption/desorption isotherms were acquired by progressively changing the 

absolute pressure of the adsorptive. A period of 15 to 30 minutes was allowed for the 

approach to equilibrium, except for H2O vapour for which up to 40 min at each pressure 

point were allowed. After recording a CO2 isotherm and measuring the H2O isotherm, a 
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second CO2 isotherm was measured, which was compared to the initial CO2 isotherm in 

order to determine the H2O stability of the material. 

 
Figure 2.15: System schematic of the HPVA-200 from Micromeritics. 

The isosteric heat of adsorption ΔHiso was calculated by using the Clausius-Calpeyron 

equation (Eq. 2.5) using the CO2 and N2 isotherms at 25, 45, 75 and 105 °C [25]. 

(
∆𝐻𝑖𝑠𝑜

𝑅
) = (

𝜕𝑙𝑛𝑃

𝜕(1/𝑇)
)

𝜃
     (2.5) 

The Tóth isotherm model was fitted to the CO2 and N2 isotherm data in order to determine 

the isosteric heat as a function of loading. The Tóth isotherm equation (Eq. 2.6) was 

developed to describe the adsorption equilibrium on heterogeneous systems and multilayer 

adsorption. The three parameter equation presents an enhancement of the Langmuir 

equation (Eq. 2.6), in which the parameter t is related to the heterogeneity of the 

adsorbent-adsorbate system. The Tóth isotherm equation is reduced to the Langmuir 

isotherm equation if the parameter t is equal to 1 [26]. 

𝜃 =
𝑁

𝑁𝑚𝑎𝑥
=

𝑏𝑃

(1+(𝑏𝑃)𝑡)1/𝑡    (2.6) 

2.5.3 CO2 cycling experiments 

The stability and regenerability of the MOFs were measured by thermogravimetric 

analysis using a Setaram TAG 24-16 simultaneaous symmetrical analyser which features 

programmable mass flow controllers made by Bronkhorst, through which Ar and CO2 

were dosed into the thermoanalyser. A total flow rate of 70 mL min
-1

 (e.g. 35 mL min
-1 
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sample gas and 35 mL min
-1

 on the reference side of the balance) was used for all 

experiments. The samples were degassed under vacuum overnight prior to the cycling 

experiments. After activating 10-30 mg of MOF at elevated temperature (Table  2.4) under 

Ar for 1 h, the system was cooled to 25, 45, 75 or 105 °C depending on the kinetics 

observed in the adsorption experiments at low pressure. Ten cycles of 

adsorption/desorption were carried out by varying the CO2 partial pressure between 0.05 

and 0.15 bar, allowing 20 minute equilibration time for each adsorption and desorption 

step. The temperature and gas program for the dry cycling procedure is shown in Figure 

 2.16.  

 
Figure 2.16: Gas and temperature program of cycling experiments under dry conditions 

(Ar/CO2). 

For the wet cycling experiments, the MOFs were saturated with 1 vol% H2O vapour by 

exposing the samples to flowing wet Ar after the activation step, before treatment with wet 

CO2/Ar mixtures (1 % H2O/CO2/Ar 70 mL min
-1

). The temperature and gas program for 

wet cycling procedure is shown in Figure  2.17.  

After ten cycles, the CO2/Ar or H2O/CO2/Ar mixtures were replaced by pure Ar and the 

MOFs were heated to their activation temperature in order to remove the adsorbed gas 

fully (including H2O). The timeframe of each experiment depends on the activation 

temperature as well as the adsorption/desorption temperature and on the length of the H2O 

saturation step. The measurements were repeated without the sample present in order to 
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compensate residual buoyancy effects present during the analysis. The stabilities of the 

materials after the wet cycling experiments were further evaluated using PXRD (see 

Section 2.1.5.1). 

 
Figure 2.17: Gas and temperature program of cycling experiments under wet conditions 

(Ar/CO2/H2O). 

2.5.4 Sorption of flue gas contaminants 

The sorption of flue gas contaminants was measured using a Setaram TAG 24-16 

simultaneous symmetrical analyser. A detailed description of the gas and temperature 

programs is given in Chapter 5.2. 
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3 MOFs with coordinatively unsaturated sites for carbon capture 

3.1 Chapter overview 

This chapter describes a detailed investigation on the potential of MOFs with 

coordinatively unsaturated sites (CUS) for carbon capture.  

MIL-100 and MIL-101 frameworks were chosen due to their environmentally benign and 

inexpensive building blocks and hydrothermal stability, which improve the usability on a 

technical scale. Furthermore the presence of CUS allows the grafting of amines. Jeremias 

et al. [1] evaluated the potential of MIL-100(Al, Fe) for thermally driven, sorption-based 

chilling or heat pump systems by conducting H2O adsorption and cycling experiments 

using humidified Ar. They found that these MOFs exhibited high H2O uptakes and good 

cycling stabilities, which suggest that these materials are possible candidates for post-

combustion capture. 

The first sub-chapter (3.2) reports the characterisation and CO2 sorption ability of a mixed 

MOF, which was found to contain approximately 60 % MIL-100(Al) and 40 % MIL-

110(Al).  

The following three papers in this chapter investigate the effect of PSM of MIL-100(Fe) 

(Chapter 3.3), MIL-101(Cr)-NH2 (Chapter 3.4) and MIL-101(Al)-NH2 (Chapter 3.5) on 

the CO2 uptake at pressures up to 0.5 bar. The stability and regenerability of these 

materials were evaluated in dry and wet cycling experiments. Furthermore, CO2 and N2 

isotherms on MIL-100(Fe), MIL-101(Cr)-NH2 and MIL-101(Al)-NH2 were measured in 

order to determine their potential for high pressure applications. 

The fourth paper is a study on the low and high pressure CO2 adsorption on the 

phosphonate framework STA-16(Co) (Chapter 3.6). The CO2/N2 selectivities were 

determined using the single component adsorption isotherms. Furthermore, the 

hydrothermal stability of the material was evaluated by measuring CO2 isotherms up to 

5 bar before and after the treatment with H2O vapour at 30, 60 and 90 % RH. 
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3.2 Synthesis and characterisation of MIL-100/MIL-110(Al): an adsorption 

study 

3.2.1 Introduction 

The framework of MIL-100(Al) is built up from trimers of octahedral aluminium oxide, 

which are arranged to form a supertetrahedral block (Figure  3.1a). Within this tetrahedral 

unit, each corner is occupied by a trimeric unit, connected to the other trimeric units 

through the trimesate ligands located on each face. The hybrid supertetrahedra further 

assemble into a zeotypic mesoporous MOF reminiscent of the MTN topology (related to 

the zeolite ZSM-39). The corresponding three-dimensional framework exhibits two types 

of cavity (Figure 3.1b). The first type is delimited by 12 pentagonal rings defining a 

dodecahedral cage with a window diameter of 5.2 Å, whereas the second type is delimited 

by 12 pentagonal rings and 4 hexagonal rings leading to a hexakaidodecahedron. The 

dodecahedral cages are connected together by shared 5-ring faces, forming infinite layers 

stacked in an ABC sequence. The second type of cage is generated at the intersection of 

these layers and they are connected to each other via hexagonal faces (window diameter of 

8.8 Å) of diamond type [2, 3].  

 

Figure 3.1: Crystal structure of MIL-100 (Al): (a) Hybrid supertetrahedra of MIL-100(Al). 

(b) One unit cell of MIL-100(Al) presenting both cages. Ball and stick view (Al octahedra: 

pink, C: grey, O: red, H: white). 

In contrast to MIL-100(Al), the three-dimensional framework of MIL-110(Al) is built up 

from the connection of inorganic aluminium octamers through trimesate ligands delimiting 

large hexagonal channels (Figure  3.2). Each octamer SBU (secondary building unit) 

consists of two trimers of edge sharing octahedra and two edge-sharing “capping” 

octahedra. The formula of the caps can be written as AlO3(OH)3 and the trimers are 

AlO2(OH)3(H2O) or AlO2(OH)4 depending upon the termination species present [4, 5].  

(a)           (b) 
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Figure 3.2: Crystal Structure of MIL-110(Al): (a) View along the c axis showing the 

channels delimited by the discrete Al8 clusters and the trimesate group in MIL-110(Al). 

(b) View along the c axis showing the connection mode of the Al8 clusters in MIL-110(Al) 

with the trimesate species parallel to the walls of the channels. Ball and stick view (Al 

octahedra: pink (Al1) and orange (Al2), C: grey, O: red, H: white). 

The complex nature of the synthesis was described by Volkringer et al, who reported the 

pH sensitivity for the formation of Aluminium MOFs containing trimesic acid as organic 

ligands. According to their finding MIL-100(Al) is formed at a pH between 0.5 and 0.7, 

while MIL-110 requires an even more acidic environment (pH=0 to 0.3) [2]. Despite 

several attempts to prepare a pure phase of MIL-100(Al) adjusting the pH to 0.57 at the 

start of the synthesis, a mixed material was obtained in all cases. 

The following sub-chapters describe the synthesis and characterisation of a mixed MOF 

material, which contains MIL-100(Al) and MIL-110(Al) in a 50:50 mixture. The 

applicability for carbon capture has been assessed in terms of low pressure CO2 

adsorption, CO2/N2 selectivity and the H2O stability after treatment with up to 30 % H2O 

vapour. Additionally, ten cycle experiments of adsorption/desorption under dry and wet 

conditions were carried out by varying the CO2 partial pressure between 0.05 and 0.15 bar 

in order to determine the stability and regenerability of MIL-100(Al)/MIL-110(Al). 

3.2.2 Experimental section 

3.2.2.1 Chemicals 

Aluminium nitrate nonahydrate (Extra pure, Merck), DMF (GR grade, Merck), methanol 

(≥ 99.8 %, Merck), nitric acid (70 %, Ajax Chemicals), sodium bicarbonate (≥ 99.7 %, 

Ajax Chemicals), sulphuric acid (98 % AR grade, Merck), trimesic acid (95 % Sigma 

Aldrich), argon (high purity, BOC and Air Liquide), carbon dioxide (Food grade, 

Coregas), helium (high purity, Air Liquide), liquid nitrogen (BOC and Air Liquide) and 

nitrogen (high purity, Air Liquide). 

(a)             (b) 
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All reagents were commercially available and used without further purification. 

3.2.2.2 Synthesis of MIL-100/MIL-110(Al) 

The synthesis and characterisation of trimethyl-1,3,5-benzenetricarboxylate (Me3BTC) is 

described in Section 2.1.1.1. 

MIL-100(Al)/MIL-110(Al) was synthesized by heating a mixture of 2.31 g (6.16 mmol) of 

aluminium nitrate nonahydrate, 1.05 g (4.15 mmol) of trimethyl-1,3,5-

benzenetricarboxylate, 28 mL distilled H2O and 7.7 mL nitric acid (1 M) at 210 °C for 

3.5 h. The yellow powder was collected by filtration, washed with H2O and dried at room 

temperature. 1 g of as-synthesized (as) sample was placed with 40 mL DMF into a 

Teflon® lined autoclave and heated at 150 °C for 4 h in order to remove the excess amount 

of Me3BTC. After filtration, the product was washed with distilled H2O for 12 h under 

reflux. The white powder was filtered and dried at room temperature. 

3.2.3 Results and discussion 

3.2.3.1 Characterisation of MIL-100/MIL-110(Al) 

The elemental compositions of the as and activated MIL-100(Al)/MIL-110(Al) are shown 

in Table  3.1. The as- sample contains nitrate species trapped within the pore, which 

account for the presence of nitrogen. The differences in carbon and hydrogen contents 

before and after activation are due to unreacted trimesate entrapped within the pores. 

Although the samples were treated under vacuum at 220 °C prior to analysis, the amounts 

of hydrogen and nitrogen in the activated sample indicate that H2O treatment did not 

completely remove DMF. The carbon and hydrogen contents of MIL-100(Al) and MIL-

110(Al) in the absence of the terminal H2O ligands and any solvent molecules entrapped 

within the pores were calculated from the empirical framework formula 

Al3O(OH)[C6H3(COO)3]2 and Al8(OH)12{(OH)3}[C6H3(COO)3]3, respectively. The 

nitrogen content indicated the presence of one molecule of DMF after the activation of the 

mixed MOF material. Thus, the approximate ratio of MIL-100 to MIL-110 was determined 

to be 1.7 to 1.  

The SEM images (Figure  3.3) confirm the formation of both MIL-100(Al) and MIL-

110(Al) due to the presence of two different features. Whereas MIL-110 is known to form 

rod-shaped crystals (length of crystals: 0.5 to 7 µm), MIL-100(Al) appears as octahedrally 

shaped crystals with sizes between 0.4 and 1.8 µm. 
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Table 3.1: Elementary chemical analysis of MIL-100(Al)/MIL-110(Al) as, MIL-

100(Al)/MIL-110(Al) activated, MIL-100(Al) and MIL-110(Al) with empty pores. 

MOF C / % H / % N / % 

MIL-100/MIL-110(Al) as 25.77 ± 0.14% 3.40 ± 0.38 1.38 ± 0 

MIL-100/MIL-110(Al) activated 37.31 ± 0.33 2.34 ± 0.1 0.87 ± 0.07 

MIL-100(Al) empty pores calculated 40.93  1.34  0.00  

MIL-110(Al) empty pores calculated 32.55  2.43  0.00  

 

Figure 3.3: SEM images of MIL-100(Al)/MIL-110(Al) showing the typical octahedral 

shape crystals of MIL-100(Al) and the rod shaped crystals of MIL-110(Al). On the right, a 

selected crystal of MIL-100(Al) is presented at higher magnification. 

The powder X-ray diffraction (XRD) pattern of MIL-100(Al)/MIL-110(Al) (Figure  3.4a) 

matches the simulated XRD patterns for crystal structures of MIL-100(Al) [2] and MIL-

110(Al) [4] reported in the literature. The comparison between the experimental and 

simulated patterns demonstrates the formation of two MOFs, MIL-100 and MIL-110, 

under the applied synthesis conditions. Although the synthetic conditions reported by 

Volkringer et al. [2] were used in this work, a mixed MOF material was obtained in all 

cases. 

The IR spectrum (Figure  3.4b) of MIL-100(Al)/MIL-110(Al) as is consistent with the 

presence of excess Me3BTC. Bands assigned to C-O bonds of aluminium coordinated 

trimesate ligands are observed at 1686, 1670 and 1404 cm
-1

. The strong band assigned to 

OH vibrations indicates the presence of H2O molecules in the as and activated samples. 

The lack of a C=O band at 1720 cm
-1

 and the intensity of the H2O band in the spectrum of 

the MIL-100(Al)/MIL-110(Al) as indicate that only a small amount of excess Me3BTC is 

entrapped within the pores. In the spectrum of the activated sample, bands of framework 

trimesate are present due to carboxylate C-O vibrations at 1686, 1669, 1464 and    

1404 cm
-1

.  
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Figure 3.4: (a) XRD patterns of the samples of the MIL-100(Al)/MIL-110(Al) after 

activation compared to the simulated pattern for the crystal structures of MIL-100(Al) [2] 

and MIL-110(Al) [4]. (b) IR spectrum of MIL-100(Al)/MIL-110(Al) before and after 

activation with DMF and H2O.  

The thermal stability of MIL-100(Al)/MIL-110(Al) was evaluated by thermogravimetric 

analysis (TGA). The TGA curve (Figure  3.5a) is characterised by a two-step weight loss. 

The first weight loss is assigned to the loss of H2O molecules, while the second step 

corresponds to the removal of the trimesate ligand (from 370 °C) and the collapse of the 

three-dimensional framework. The final product at 650 °C is aluminium oxide with a 

remaining weight of 20.6 %. These results are in good agreement with those for pure phase 

MIL-100 and MIL-110(Al) available in the literature [2, 4]. The faster decompositions of 

MIL-100(Al) and MIL-110 reported in the literature are due to the use of pure O2 [2, 4], 

but in this work an Ar/air mixture was applied resulting in a slower decomposition. 

The N2 adsorption/desorption isotherm at -196 °C (Figure  3.5b) measured on the 

evacuated MIL-100/MIL-110 is intermediate between type I and IV with a slight 

secondary uptake, and is indicative of the presence of both micro- and mesopores. Fitting 

the BET equation to the interval between p/p0=0.01 and 0.2 for the N2 isotherm of the 

dehydrated sample gives a surface area of 1704 m
2
 g

-1
. The surface area is lower than the 

literature value of  2152 m
2
 g

-1
 for pure phase MIL-100(Al) [2] due to the presence of 

MIL-110(Al) in the sample, which has a surface area of 1408 m
2
 g

-1
 [4]. This result is 

consistent with the calculated MIL-100 to MIL-110 ratio of 1.7:1 determined from the 

elemental analysis data. 
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Figure 3.5: (a) Decomposition of MIL-100(Al)/MIL-110(Al) compared to literature data 

[2] for MIL-100(Al). (b) Nitrogen adsorption/desorption isotherm at -196 °C for activated 

MIL-100(Al)/MIL-110(Al) after degassing at 210 °C overnight. 

3.2.3.2 Low pressure gas sorption measurements 

The experimental details regarding the measurement of the low pressure CO2 

adsorption/desorption data are given in Chapter 2.5.1. 

Two sets of experiments were conducted at 25 °C in order to determine the effect of 

vacuum activation on the CO2 adsorption capacity. In one set, a sample of MIL-

100(Al)/MIL-110(Al) was activated under vacuum at 220 °C overnight before performing 

the sorption experiment. In the other set, the vacuum activation step was omitted. The 

comparison of both pseudo-isotherms
a
 at 25 °C (Figure  3.6) before and after vacuum 

activation shows that higher CO2 adsorption capacities were obtained after the vacuum 

activation of the material, due to the stronger interaction of CO2 with the CUS. In contrast 

to this, chemisorbed H2O molecules, in the non-activated sample, shield the aluminium 

cations in the partially hydrated MIL-100(Al)/MIL-110(Al) sample such that CO2 can only 

interact with organic groups in the framework. These bind the CO2 more weakly than the 

coordinatively unsaturated Al
3+

 sites, resulting in lower adsorption capacities. 

Furthermore, the adsorption of CO2 at 25 °C in MIL-100/MIL-110(Al) was almost 

reversible after vacuum activation, while the non-activated sample showed a hysteresis in 

the pseudo-isotherm at the same temperature.  

                                                 
a
 The adsorption/desorption isotherms obtained from the low pressure CO2 sorption measurements are 

referred to as pseudo-isotherms, because they refer to data collected with a fixed 20 min equilibration time. 

Equilibration is not always achieved within this timeframe A true adsorption/desorption isotherm would 

require adsorption/desorption equilibrium to be obtained.  
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The pseudo adsorption/desorption isotherms on the vacuum activated sample were 

measured at 25, 45, 75 and 105 °C and are shown in Figure 3.6a. Increasing the CO2 

concentration led to a rise in CO2 adsorption capacity, whereas an increase in temperature 

resulted in a decrease in adsorption capacity. The change with temperature can be 

explained by the exothermicity of the physisorption process, which would lead to a 

reduction in the equilibrium concentration of adsorbed species at higher temperatures. 

Because none of the pseudo-isotherms appear to have reached CO2 saturation, MIL-

100(Al)/MIL-110(Al) would have a much higher CO2 adsorption capacity at higher 

pressures. A slight hysteresis was observed at all temperatures, which suggests strong 

interaction of CO2 with the CUS, especially at higher temperatures. To verify this result 

the heats of adsorption were estimated from the DTA signals (not shown here) at both 25 

and 105 °C. The values were determined after 10 min of CO2 adsorption at 0.05 bar, as the 

majority of CO2 had been adsorbed within this time. The heat of adsorption was found to 

be slightly higher at 105 °C (66 kJ mol
-1

) than at 25 °C (60 kJ mol
-1

), which would be 

consistent with more irreversible CO2 adsorption at the higher temperature. These high 

values also confirm the strong interaction of CO2 with the CUS. 

 
Figure 3.6: (a) Low pressure CO2 pseudo-isotherms on MIL-100(Al)/MIL-110(Al) before 

(red) and after vacuum activation (black). (b) TGA profiles of the low pressure CO2 

sorption on vacuum activated MIL-100/MIL-110(Al). 

The CO2 adsorption capacity of 3.70 wt% at approximately 0.5 bar and 25 °C is higher 

than those reported for IRMOF-1 (2.11 wt%), MOF-177 (2.36 wt%), IRMOF-3 

(2.95 wt%) and ZIF-8 (2.76 wt%) [6]. However, it is much lower than those of HKUST-1 

(10.12 wt%) [7], MOF-74(Ni) [8] (~27.50 wt%) and MOF-74(Mg) (~32.00 wt%) [8]. The 

working capacity at each temperature was calculated from the difference in CO2 
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adsorption capacity at 0.05 and 0.15 bar and correspond to 0.66, 0.45, 0.24 and 0.14 wt% 

at 25, 45, 75 and 105 °C, respectively. The decrease in working capacity with increasing 

temperature is consistent with the reduction in equilibrium concentration of adsorbed 

species at higher temperatures. In order to be competitive with existing MEA scrubbing 

systems, the working capacity of the adsorbents must be in the range of 13.2 wt% and 

17.6 wt% [9]. The application of MIL-100(Al)/MIL-110(Al) in a post-combustion CO2 

capture process is therefore seen to be limited. 

The TGA profiles for the low pressure CO2 sorption on the activated material are shown in 

Figure  3.6b. The stepwise profile is indicative of good adsorption/desorption kinetics and 

confirms that the equilibration time of 20 min was sufficient to achieve equilibrium. The 

cycling experiments discussed in the following section were therefore conducted at 25 °C. 

A slight baseline drift was observed, but the DTG was with 0.04 mg g
-1

 within the limits of 

TG resolution (see Chapter 2.5.1). Heating the samples to 220 °C in flowing Ar 

(t>200 min, not shown in Figure 3.6b) resulted in the complete desorption of CO2. 

3.2.3.3 Cycling experiments 

The CO2 working capacity and regenerability of MIL-100(Al)/MIL-110(Al) were 

evaluated by monitoring pseudo-equilibrium adsorption uptakes over ten adsorption/ 

desorption cycles at 25 °C under dry and wet conditions, using the methodology detailed 

in Chapters 2.5.3 and 2.5.4. Results from the multicycle stability tests are illustrated in 

Figure  3.7. The mixed MOF material was activated under vacuum prior to the cycling 

experiments. 

Equilibrium was achieved during the allowed 20 min under both conditions, which is 

important when evaluating the potential of an adsorbent for a VSA or PSA process. Under 

dry conditions, the average working capacity of 0.67 wt% is comparable to the 0.66 wt% 

derived from the low pressure CO2 pseudo-isotherm. A downwards shift of the base line is 

observed during the dry cycling process, which is due to baseline drift over the timescale 

of the experiment. H2O saturation was not achieved over the duration of the H2O/Ar 

treatment (400 min), which led to an upwards drift of the baseline, due to the progressive 

adsorption of H2O during the cycling process. The working capacity in the wet gas stream 

was reduced (~0.46 wt%).  



MOFs with coordinatively unsaturated sites for carbon capture 

87 

 

A comparison of the powder X-ray diffractogram of MIL-100(Al)/MIL-110(Al) after the 

wet cycling experiment with the simulated PXRD pattern of MIL-100(Al) and MIL-

110(Al) is shown in Figure  3.10b. The diffraction pattern after the wet cycling experiment 

is consistent with the presence of both MIL-100(Al) and MIL-110(Al). The result suggests 

that the material exhibits a good hydrothermal stability under the cyclic conditions applied 

here. 

 

 

Figure 3.7: TGA profiles for the dry (a) and wet (c) cycling experiments and the here from 

calculated adsorption and desorption capacities during dry (b) and wet (d) cycling 

experiments on MIL-100(Al)/MIL-110(Al). 

3.2.3.4 High pressure gas sorption measurements 

As CO2 saturation was not achieved at CO2 pressures of 0.5 bar, high pressure 

adsorption/desorption isotherms of CO2 were measured at 25, 45, 75 and 105 °C between 0 
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and 40 bar. The CO2/N2 selectivity was also determined by measuring the sorption 

isotherm of N2 (only at 25 °C and up to 40 bar).  

Adsorption/desorption isotherms of CO2 measured at four different temperatures are 

shown in Figure  3.8. The reproducibility was confirmed by measuring a second CO2 

isotherm at 25 °C, which is in good agreement with the first isotherm obtained at this 

temperature. At lower temperatures no hysteresis is observed in the studied pressure range. 

However, at 105 °C, hysteresis was observed together with an irreversible adsorbed 

component (~0.30 mol CO2 per mol CUS). This could be due to the strong interaction of 

CO2 with the CUS as suggested for the low pressure CO2 adsorption/desorption 

measurements.  

Generally, the material displays good CO2 adsorption capacity without saturation over the 

studied pressure and temperature range. The CO2 adsorption capacity of 39.0 wt% at 25 °C 

and 15 bar is comparable to the ~42 wt% for MIL-101(Al)-NH2 [10].The CO2 adsorption 

capacity at 25 °C and 30 bar was found to be 51.4 wt%, which is higher than those 

reported for zeolite 13X (32.6 wt%) [11], zeolite NaX (34.3 wt%) [12], activated carbon 

NORIT R1 (44.0 wt%) and HKUST-1 (47.1 wt% at 40 bar) [12]. 

The sample mass of approximately 0.26 g was insufficient for obtaining reasonable N2 

isotherms at higher temperatures. The comparison of the CO2 and N2 adsorption isotherm 

at 25 °C revealed, that N2 saturation would be achieved at much higher pressures than CO2 

saturation, due to the almost linear increase in N2 capacity over the studied pressure range. 

Clearly, the mixed MOF containing MIL-100(Al)/MIL-110(Al) shows a much greater 

affinity for CO2 than for N2 in the studied temperature and pressure range with “ideal” 

selectivities (ratio of single component adsorption capacities) ranging between 6 and 38 

for CO2 over N2 in the studied pressure range. With increasing pressure the selectivity 

decreases and the highest selectivity of 38 is observed at a pressure of 0.9 bar.  
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Figure 3.8: High pressure (a) CO2 isotherms at 25 (■), 45 (♦), 75 (▲) and 105 °C (●).and 

(b) N2 isotherm at 25 °C. Closed symbols (■): adsorption, open symbols (□): desorption. 

3.2.4 H2O stability of MIL-100(Al)/MIL-110(Al) 

The low hydrothermal stability is a known problem for most MOFs, as discussed in 

Chapter 1.3.4. It is therefore necessary to study the H2O stability of these materials in 

order to determine their practical usefulness as adsorbents. The procedure for the 

evaluation of the hydrothermal stability of MIL-100(Al)/MIL-110(Al) is described in 

Chapter 2. 

  
Figure 3.9: (a) CO2 adsorption/desorption isotherms at 25 °C before (black) and after (red) 

30% H2O vapour adsorption/desorption. (b) H2O adsorption/desorption isotherm. Closed 

symbols (■): adsorption, open symbols (□): desorption. 
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Figure 3.10:Comparison of the PXRD pattern of MIL-100(Al)/MIL-110(Al) after (a) 

30 % H2O vapour adsorption (black) and (b) after wet cycling (black) with the simulated 

pattern for MIL-100(Al) [2] (red) and MIL-110(Al) [4] (blue). 

After the high H2O uptake of 23 wt% at 25 °C and at 30 % RH, a decrease in CO2 

adsorption capacity from 19.2 wt% to 14.2 wt% at 5 bar was observed (Figure  3.9a). 

Hysteresis was observed in the H2O isotherm (Figure  3.9b), which is due to the strong 

interaction of the H2O molecules with the CUS. To understand the reason for the reduction 

in CO2 adsorption capacity of 26%, PXRD was performed, which showed a decrease of 

the peak intensities at 2θ values characteristic for MIL-110(Al). This result suggests that 

MIL-110(Al) was partially decomposed (Figure 3.10a), but MIL-100(Al) remained stable. 

It is therefore hypothesised, that a pure MIL-100(Al) sample might be obtainable after the 

treatment with H2O vapour at > 30 % RH and the subsequent purification of the MOF. 

However, this possibility was not investigated experimentally. 

3.2.5 Conclusion 

A mixed MOF sample containing MIL-100(Al) and MIL-110(Al) in a 60:40 mixture was 

synthesised and characterised. MIL-100/MIL-110(Al) exhibited a good stability and 

regenerability during cycling processes under dry and wet conditions; however, the 

working capacities would need to be improved for it to be useful for industrial processes. 

The treatment with 1 % H2O vapour resulted in a 31 % decrease in working capacity, 

consistent with the progressive H2O adsorption during the cycling process. After the 

sorption of H2O at 30 % RH and the reactivation of the material, the CO2 adsorption 

capacity was reduced by 26 % at 5 bar, which appears to be due to the partial 

decomposition of the MIL-110(Al) framework. Potential applications for MIL-100(Al) 

include high pressure CO2 sorption and as an adsorbent for H2O vapour. Despite different 

2 6 10 14 18 22 26 30

In
te

n
si

ty
 /

 a
.u

. 

2 Theta / ° (a) 

2 6 10 14 18 22 26 30

In
te

n
si

ty
 /

 a
.u

. 

2 Theta / ° (b) 



MOFs with coordinatively unsaturated sites for carbon capture 

91 

 

attempts to prepare pure MIL-100(Al), a mixture including MIL-110(Al) was obtained in 

all cases. 
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3.3.1 Abstract 

One approach for carbon capture is the use of adsorbents such as metal-organic 

frameworks (MOFs), which exhibit high surface areas, tuneable pore sizes and topologies. 

A series of ethylenediamine (ED) and polyethyleneimine (PEI) incorporated MIL-100(Fe) 

adsorbents with different loadings are reported for the first time in the present work. The 

samples were characterised by FTIR, PXRD, helium density, N2 physisorption, elemental 

analysis and thermal decomposition. The effect of the amines was further evaluated by 

performing a series of low pressure (0 to 0.5 bar) CO2 sorption at 25, 45 and 75 °C and ten 

cycle experiments under dry and wet conditions (1 vol% H2O) by varying the CO2 partial 

pressure from 0.05 to 0.15 bar. The results showed that improvements of the CO2 

adsorption capacities were achieved in the low pressure CO2 sorption experiments and that 

the majority of the tested materials exhibited good regenerability under dry cycling 

conditions. During the wet cycling process a decline in working capacity was found due to 

H2O uptakes of more than 6 wt%. This effect was smaller at higher cycling temperatures. 

PXRD studies after the wet cycling showed that the materials were hydrothermally stable. 

The potential of MIL-100(Fe) to selectively adsorb and separate CO2 was confirmed by 

high pressure CO2 and N2 sorption measurements (T: 25-105 °C, p: 0-40 bar). 

3.3.2 Introduction 

MOFs have recently emerged as a class of very promising organic-inorganic hybrid 

materials for diverse applications like gas storage, gas/vapour separation, catalysis and 

drug storage and delivery [1, 2]. The structures of these crystalline porous materials are 

based upon metal based nodes (Al
3+

, Cr
3+

, Fe
3+

, Cu
2+

, Zn
2+

) coordinated to specific 

functional groups of organic linkers of various structure and size [3, 4]. Properties such as 

high pore volumes and surface areas, ordered and well characterised porous structure and 
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adjustable chemical functionality make MOFs excellent candidates for carbon dioxide 

capture [5]. 

The application of MOFs for post-combustion capture presents some challenges. Firstly, 

the majority of the MOFs reported to date exhibit low H2O stabilities. In these cases, the 

presence of H2O vapour in flue gas will result in phase transformations, collapse of the 

framework structures and reduced gas sorption capacities [6-8]. For industrial applications 

it would be beneficial to use hydrothermally stable MOFs, such as ZIF-8, MIL-100 and 

MIL-101, which are able to adsorb CO2 in the presence of H2O and therefore help to 

reduce the capture costs [9-15]. In addition to the stability of the framework structures, 

H2O has shown to have a promoting effect on the CO2 uptake in MIL-100(Fe) and MIL-

101(Cr). Soubeyrand-Lenoir et al. reported a fivefold increase in the CO2 capacity from 

2.2 wt% to 10.5 wt% in MIL-100(Fe) at 40 % RH [16]. While the treatment of MIL-

101(Cr) with 10 % RH caused an increase in CO2 capacity from 2.16 wt% to 2.24 wt%, 

higher relative humidities resulted in reduced uptakes. This reduction was associated with 

the competitive adsorption of H2O and CO2 [17]. Secondly, the CO2 uptakes in most 

MOFs are limited at pressures relevant to post-combustion capture.  

Higher CO2 selectivities have been reported for MOFs containing coordinatively 

unsaturated sites (CUS), which induce strong local interactions with CO2 due to its higher 

quadrupole moment and polarisibility compared to N2 [18-21]. These Lewis acid sites 

allow the incorporation of amines such as ethylenediamine (ED), diethlyenediamine 

(DETA) and polyethyleneimine (PEI), which have been shown to further enhance the CO2 

capacities and the CO2/N2 selectivities [5, 22, 23]. 

 

Figure 3.11: Schematic presentation of amine modification of the trimeric unit in MIL-

100(Fe). 

In this study, we report a series of ethylenediamine (ED) and polyethyleneimine (PEI) 

modified MIL-100(Fe) materials for CO2 capture. The supertetrahedral building blocks of 
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MIL-100(Fe) are built up from trimeric units of octahedral Fe(III) oxide which are 

connected by trimesate ligands. The corresponding three-dimensional framework contains 

mesocages (2.5 to 2.9 nm) which are accessible though microporous windows (0.5 to 

0.9 nm) [24-26]. MIL-100(Fe) exhibits a high BET surface area (1754 m
2
 g

-1
) [27], high 

porosity, good thermal and chemical stability, as well as good H2O stability and the 

presence of CUS. Furthermore, the framework contains environmental benign and 

inexpensive building blocks, which improve the prospect of usability on a technical scale 

[28].  

The concept of the PSM of MIL-100(Fe) is shown in Figure  3.11. While in the as-

synthesised form the terminal molecules on two of the three metal octahedra are H2O 

molecules, the third is connected to an OH
-
 anion. The terminal H2O molecules can be 

removed by degassing the sample at 150 °C under vacuum, leading to Fe
III

 CUS [29]. 

These Lewis acid sites can then be reacted with amines. In the present study, various 

loadings of ED and PEI were used and their impact on the performance in low pressure 

CO2 adsorption/desorption (T: 25-75 °C, p: 0-0.5 bar) and in ten cycle experiments at 25 

or 45 °C under dry and wet conditions (1 vol% H2O) was investigated. The CO2 cycling 

simulated a vacuum swing adsorption (VSA) process by varying the CO2 partial pressures 

between 0.05 and 0.15 bar. High pressure CO2 and N2 adsorption and desorption 

measurement were conducted at 25 to 105 °C to determine the potential application of 

MIL-100(Fe) in high pressure separation processes. 

3.3.3 Experimental section 

3.3.3.1 Chemicals 

Acetone (99 %, Merck), ethylenediamine (99 %, Aldrich), iron(III) chloride hexahydrate 

(99 %, Merck), methanol (≥ 99.8 %, Merck), polyethyleneimine (423 g mol
-1

, Aldrich), 

sodium bicarbonate (≥ 99.7 %, Ajax Chemicals), sulphuric acid (98 % AR grade, Merck), 

toluene (Merck), trimesic acid (95 %, Sigma Aldrich), argon (high purity, BOC and Air 

Liquide), carbon dioxide (Food grade, Coregas), helium (high purity, Air Liquide), liquid 

nitrogen (BOC and Air Liquide) and nitrogen (high purity, Air Liquide). 

 All reagents were used without further purification. 
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3.3.3.2 Preparation of MOFs 

3.3.3.2.1 Synthesis of Me3BTC 

Trimethyl-1,3,5-benzenetricarboxylate (Me3BTC) was synthesised by a method akin to 

that reported by Kathiresan et al. [30]. In a typical synthesis, a suspension of 10.01 g 

(47.6 mmol) of trimesic acid in 30 mL methanol was heated to reflux and 1.6 mL of 

concentrated sulphuric acid was added. After 6 h of refluxing, the mixture was cooled to 

room temperature, slowly neutralized with saturated sodium bicarbonate solution, filtered, 

washed with excess H2O and dried at 105 °C. The yield of the white powder was 

determined to be 9.75 g (81.1%). 

3.3.3.2.2 Synthesis of MIL-100(Fe) 

MIL-100(Fe) was synthesized by the following method adapted from Canioni et al. [31]. A 

mixture of 1.63 g iron(III) hexahydrate (6.00 mmol) and 1.39 g trimethyl-1,3,5-

benzenetricarboxylate (5.50 mmol) dispersed in 50 mL H2O was heated for 72 h at 130 °C 

in a Teflon® lined autoclave. The orange solid was recovered by filtration, washed with 

acetone and dried at room temperature under air. 

3.3.3.2.3 PSM of MIL-100(Fe) 

MIL-100(Fe) was then modified by grafting ED and PEI onto unsaturated Fe(III) sites 

using two different approaches. The theoretical amine loadings and the amine loadings 

after the vacuum activation are listed in Table 1. 

The first method applied for the modification of MIL-100(Fe) with ED was described by 

Hwang et al. on MIL-101(Cr) [32]. Prior to the PSM, MIL-100(Fe) was dehydrated at 

150 °C overnight. In a typical synthesis, 20 μL or 25 μL of ED was added to a suspension 

of 0.50 g dehydrated MIL-100(Fe) in 30 mL anhydrous toluene. After refluxing for 12 h, 

the suspension was cooled to room temperature and the product was recovered by 

filtration. The PSM materials were washed with distilled H2O/ethanol and then dried at 

room temperature.  

The PEI modifications of MIL-100(Fe) were prepared using the wet impregnation 

approach described by Lin et al. [23]. In a typical synthesis, PEI (423 g mol
-1

) was 

dissolved in 1 mL methanol and stirred for 10 min, before 0.2 g of activated MIL-100(Fe) 

was added. The mixture was purged with N2 overnight under room temperature. The PEI 

modified samples were then activated at 110 °C for 12 h under vacuum. The amine 
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loading, which is given at the end of each sample name, was calculated with the following 

equation: 

𝐴𝑚𝑖𝑛𝑒 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =  
𝑚𝑎𝑠𝑠𝑎𝑚𝑖𝑛𝑒

𝑚𝑎𝑠𝑠𝑀𝐼𝐿−100(𝐹𝑒)
× 100%    (3.1) 

The theoretical amine loadings and the amine loadings after the vacuum activation of all 

materials are listed in Table  3.2. The ED modified MIL-100(Fe) samples are denoted as 

MIL-100(Fe)-ED-2.5 and MIL-100(Fe)-ED-3. Four samples with different PEI loadings 

were prepared and were denoted as MIL-100(Fe)-PEI-3, MIL-100(Fe)-PEI-22, MIL-

100(Fe)-PEI-25 and MIL-100(Fe)-PEI-50. However, CO2 adsorption studies on the PEI-50 

sample showed very low adsorption capacities and this sample was therefore not 

characterised further. 

Table 3.2: An overview of the theoretical amine loadings, the loadings after vacuum 

activation (evac) and the corresponding molar loadings of the CUS. 

Amine Theoretical 

loading / wt% 

Loading after 

evac/ wt% 

Loading after evac/ 

mol(amine)/mol(CUS) 

ED 3.6 2.5 0.14 

ED 4.5 3 0.16 

PEI 5 3 0.02 

PEI 25 22 0.17 

PEI 30 25 0.19 

3.3.3.3 Characterisation of MIL-100(Fe) before and after PSM 

MIL-100(Fe) samples were characterised before and after PSM with ED and PEI by 

elemental analysis, N2 adsorption/desorption at -196 °C, helium density, scanning electron 

microscopy (SEM), powder X-ray diffraction (PXRD), Fourier-transform infra-red 

spectrometry (FTIR) and thermal decomposition. 

Elemental analysis was carried out in the Campbell Microanalytical Laboratory at the 

University of Otago, New Zealand. 

The BET surface areas and pore volumes of MIL-100(Fe) before and after amine 

modification were determined by nitrogen adsorption/desorption at -196 °C using a TriStar 

II 3020 (Micromeritics) gas sorption analyser. Prior to the analysis, the samples were 

activated under vacuum in a Micromeritics VacPrep 061 degasser at 90 °C (ED-2.5, ED-

3), 110 °C (PEI-3, PEI-22, PEI-25) and 150 °C (MIL-100(Fe)) for at least 12 h. The BET 
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surface areas and pore volumes were estimated at relative pressures between 0.01 to 0.2 

and at p/p0=0.99, respectively.  

Helium densities of the activated samples were measured on the pycnometer AccuPyc 

1340 (Micromeritics). 

SEM images of MIL-100(Fe), MIL-100(Fe)-PEI-3 and MIL-100(Fe)-PEI-50 were 

recorded at an accelerating voltage of 15 kV using a JEOL 7001F field emission scanning 

electron microscope.  

PXRD measurements were conducted on a Bruker D8 Focus powder diffractometer 

equipped with a copper anode (λCuKα =1.5418 Å). The theoretical PXRD pattern of the 

crystal structure of MIL-100(Fe) [33] was simulated using the module “Reflex Tools” in 

Materials Studio 6.0 [34]. 

FTIR spectra were measured via an Agilent Cary 630 Diamond ATR in the spectral range 

of 650 to 4000 cm
-1

. 

The thermal decomposition of the materials was measured using a Setaram TAG 24-16 

simultaneous symmetrical thermoanalyser. The samples were heated to 110 °C under 

flowing Ar for 30 min. The gas flow was then changed to an Ar/air mixture and the 

temperature was maintained at 110 °C for further 30 min, before increasing the 

temperature to 900 °C with a heating ramp of 2 °C min
-1

. The Ar/air flow was maintained 

for 15 min at 900 °C, after which it was replaced by pure Ar. After 15 min at 900 under 

flowing Ar, the system was cooled to 20 °C. 

3.3.3.4 Low pressure gas sorption experiments on MIL-100(Fe) before and after 

PSM 

Low pressure CO2 isotherms at 25, 45 and 75 °C were recorded on a Setaram TAG 24-16 

simultaneous symmetrical thermoanalyser. After activating 10 to 30 mg of MOF at 90, 110 

or 150 °C under Ar (70 mL min
-1

) for 1 h, the temperature was adjusted to the desired 

sorption temperature in an Ar atmosphere. The thermoanalyser was then allowed to 

equilibrate for 20 min before the gas flow was changed from pure Ar to an Ar/CO2 

mixture. The CO2 sorption was measured by first increasing the CO2 partial pressure in 

five steps (0.02, 0.05, 0.15, 0.30 and 0.50 bar), before decreasing the partial pressure in 

reverse order. At the end of the experiment the MOFs were reactivated at 90, 110 or 

150 °C for 30 min under flowing Ar in order to desorb the CO2 completely. Fresh samples 
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were used for each experiment. The measurements were repeated using approximately 

30 mg of neat PEI. In contrast to the activation procedure applied for the MOFs, PEI was 

activated at 110 °C under Ar atmosphere for 2 h.  

The heat flow (DTA) associated with the change in mass was also recorded and analysed. 

3.3.3.5 Cycling experiments on MIL-100(Fe) before and after PSM 

Dry and wet cycling experiments were conducted using a Setaram TAG 24-16 

simultaneous symmetrical thermoanalyser. All samples were activated under vacuum 

overnight (T=90, 110 or 150 °C) prior to the analysis. After activating 10 to 30 mg of 

MOF under Ar at 90, 110 or 150 °C for 1 h, the samples were cooled to 25 °C or 45 °C. 

The CO2 partial pressure was varied between 0.05 and 0.15 bar over 10 cycles, allowing 

20 min equilibration time for each adsorption and each desorption step. For the wet 

experiments, the MOFs were treated with wet Ar (1 vol% H2O) prior to the cycling of a 

wet CO2/Ar mixtures (1 vol% H2O/CO2/Ar). The time for the H2O saturation step varied 

between ~6 h (PSM materials) and 10 h (MIL-100(Fe)). 

3.3.3.6 High pressure gas sorption experiments on MIL-100(Fe) 

CO2 and N2 isotherms at 25 to 105 °C up to 40 bar were measured via a High Pressure 

Volumetric Analyser 200 (HPVA) from Micromeritics. All isotherms were obtained on a 

single sample, which was reactivated at 150 °C under vacuum in between each isotherm.  

3.3.4 Results and discussion 

3.3.4.1 Characterisation of MIL-100(Fe) before and after PSM 

A summary of the carbon, hydrogen and nitrogen content, BET surface areas, total pore 

volumes and helium densities is given in Table  3.3. The theoretical carbon (33.22 %) and 

hydrogen (1.70 %) contents of dehydrated MIL-100(Fe) were calculated from the 

empirical formula Fe3O(OH)(H2O)2[C6H3(CO2)3]2. The measured carbon and hydrogen 

contents correspond to the presence of approximately 18 lattice H2O molecules. The PSM 

of MIL-100(Fe) led to an increase in the nitrogen content, consistent with the 

incorporation of the amines.  

The N2 sorption isotherms at -196 °C are shown in Figure 3.12a. At relative pressures 

below 0.01 the sharp rise with pressure indicates the supertetrahedra are being filled. With 

increasing pressure, N2 was adsorbed into the medium cavities (p/p0=0.09) and then the 

larger cavities (p/p0=0.16) [35]. This stepwise profile was still apparent after the 
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incorporation of ED and 3 wt% PEI, due to the comparatively low amine loadings. At 

higher PEI loadings these low p/p0 steps are no longer visible in the adsorption isotherm, 

consistent with the filling of these cavities with amines. The BET surface area of MIL-

100(Fe) was slightly lower than the 1754 m
2
 g

-1
 estimated by Shi and co-workers [27], 

presumably due to differences in the methods of synthesis and purification. In contrast to 

the synthesis procedure applied here, MIL-100(Fe) was prepared at 95 °C under reflux and 

purified in hot H2O [27]. Despite the higher BET surface area (literature), their estimated 

pore volume of 0.80 g cm
-3

 was lower [27]. A BET surface area of 1626 m
2
 g

-1
 and a pore 

volume of 0.79 g cm
-3

 were reported by Huo et al. [36]. The total pore volume of MIL-

100(Fe) determined in this work was in good agreement with the 0.88 cm
3
 g

-1
 reported by 

Canioni et al. [31]. The incorporation of ED and PEI was confirmed by the decrease in 

BET surface area and pore volume (Table  3.3). As expected, higher amine loadings 

resulted in lower surface areas and pore volumes. Interestingly MIL-100(Fe)-PEI-3 

exhibited a higher surface area and pore volume than both ED modified materials at 

similar wt% loadings. This result can be understood in terms of the significantly lower 

molar PEI loading per CUS (Table  3.2) than in the case of ED. The molar PEI loading per 

CUS in MIL-100(Fe)-PEI-22 is comparable with the molar ED loading in MIL-100(Fe)-

ED-3, but here the surface areas differ significantly. This result suggests that, at this higher 

loading, the PEI tended to block the pores, thus reducing the surface areas and pore 

volume more than ED, which was probably located entirely inside them. Such a location of 

the PEI molecules would likely make them a barrier to the diffusion of adsorbing 

molecules. 

The theoretical maximum loadings were calculated by dividing the total pore volume of 

MIL-100(Fe) by the density of ED (0.899 g cm
-3

) [37] or PEI (1.07 g cm
-3

) [38]. On this 

basis, it can be calculated that loadings of 99 wt% ED and 83 wt% PEI would completely 

fill the pores. The ED loadings applied in this work were considerably lower than the 

theoretical maximum loading. At the beginning of this study, a sample containing 50 wt% 

PEI was prepared and the applicability for the adsorption of CO2 adsorption was 

determined. However, low CO2 adsorption capacities at 25-75 °C indicated that the pores 

were not accessible. A comparison of the SEM images of MIL-100(Fe), MIL-100(Fe)-PEI-

3 and MIL-100(Fe)-PEI-50 showed that a loading of 50 wt% resulted in a complete 

coating of the exterior of the particles (Figure 3.17), suggesting there has been incomplete 

penetration. By comparison the incorporation of 3 wt% PEI had no obvious impact on the 
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morphology of the particles. For this reason, we focused on PEI loadings of less than 

50 wt%.  

Table 3.3: Comparison of results obtained by Elemental analysis, N2 physisorption at -

196 °C and helium density measurements. 

MOF %C %H %N BET surface 

area / m
2
 g

-1
 

Total pore 

volume/ 

cm
3
 g

-1
 

Helium 

density/  

g cm
-3

 

MIL-100(Fe) 21.63 

± 0.20 

3.95 

± 0.32 

- 1677 0.89 1.949 

± 0.0099 

ED-2.5 26.28 

± 0.10 

3.78 

± 0.24 

0.93 

± 0.07 

863 0.50 1.8695 

± 0.0055 

ED-3 31.25 

± 0.29 

1.09 

± 0.07 

2.92 

± 0.17 

832 0.46 1.8560 

± 0.0070 

PEI-3 24.34 

± 0.60 

4.05 

± 0.48 

0.54 

± 0.35 

1078 0.60 1.8569 

± 0.0044 

PEI-22 31.46 

± 0.14 

4.36 

± 0.37 

5.35 

± 0.21 

268 0.15 1.6881 

± 0.0016 

PEI-25 32.70 

± 0.71 

4.63 

± 0.52 

7.63 

± 0.86 

259 0.13 1.6580 

± 0.0016 

The helium densities (Table  3.3) of the amine modified samples were lower than those of 

MIL-100(Fe), which also confirms the incorporation of ED and PEI into the framework. 

Increasing the amine loadings resulted in further reductions of the densities, as expected, 

due to the lower densities of neat ED and PEI in comparison with the helium density of 

MIL-100(Fe).  

The stability of the MIL-100 framework after the modification with ED and PEI was 

investigated via PXRD. The powder diffractograms of MIL-100(Fe) and of the PSM 

materials are shown in Figure 3.12b. The phase purity of the synthesised MIL-100(Fe) was 

confirmed by comparing the experimental with the theoretical diffractogram [39] (Figure 

3.18). Although the peak intensities decrease slightly in the presence of PEI in the 

framework, the diffraction pattern was still clearly observed. This result is consistent with 

previous reports that have shown a reduction in diffraction intensity due to the 

incorporation of amines [23, 40]. The particular low intensity of the MIL-100(Fe)-PEI-22 

diffractogram relative to the other two PEI samples is thought to be due to the relatively 
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small amount of sample used for this particular analysis. The results of the PXRD studies 

confirm the structural integrity and the chemical stability of the MIL-100(Fe) structure 

upon amine treatment. 

 
- MIL-100(Fe) – ED-2.5 - ED-3 - PEI-3 – PEI-22 – PEI-25 

Figure 3.12: (a) N2 isotherms on MIL-100(Fe) before and after ED and PEI modification 

at -196 °C. (b) PXRD of MIL-100(Fe) before and after PSM. 

The FTIR spectra of MIL-100(Fe) and the PSM samples are compared in Figure 3.20. Two 

bands at 1710 cm
-1

 (asymmetric C=O stretch) [26] and 1356/1280 cm
-1 

(C-O stretch) [31] 

indicate the presence of residual free trimesic acid, which decreased in intensity after the 

modification with amines. This suggests that free trimesic acid is probably hydrogen 

bonding with the amine (ED or PEI) and is just diluted by the added amine. The bands at 

1620, 1561 and 1435 cm
-1

 correspond to the adsorbed H2O, the C=C and the O-C-O 

stretching vibrations, respectively [17]. Despite the presence of ED in the structure no 

obvious changes in the FTIR pattern were observed at this low level of incorporation. It 

may be that the doublet (at approximately 3384 and 3507 cm
-1

) [41] expected from the 

amine moieties is overlapped by residual moisture in the sample, which can be seen as the 

broad band centred at 3300 cm
-1

. In contrast to this, the appearance of two new bands at 

2929 cm
-1

 (asymmetric CH2 stretch) and 2801 cm
-1

 (symmetric CH2 stretch) [22], confirms 

the presence of PEI.  

The thermal stability of the samples was determined by thermal decomposition 

measurements between 20 and 900 °C. MIL-100(Fe) showed an initial weight loss of 

approximately 30 % which corresponds to the loss of ~ 16 molecules of lattice H2O 

(Figure 3.19). At temperatures between 115 °C and 300 °C, the H2O molecules 
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coordinated to the iron trimers were removed (~ 5 to 6 %). This is in good agreement with 

the expected weight loss of 5.54 % calculated from the empirical formula 

Fe3O(OH)(H2O)2 [C6H3(CO2)3]2. The decomposition of the framework occurred above 

300 °C. The decomposition profile is in reasonable good agreement with literature data 

(Figure 3.19) [31]. A slight difference in the decomposition profile was observed at low 

temperatures, consistent with the difference in the gas flow and heating rate programs 

employed. The literature used air flow over the entire temperature range, while the sample 

in this work was heated to 110 °C under flowing Ar. After the PSM with ED and PEI, the 

weight loss prior to the decomposition of the MIL-100(Fe) frameworks (300 °C), is 

consistent with the loss of ED and PEI. In contrast to MIL-100(Fe), the complete collapse 

of the framework was observed to occur more slowly and was not complete until above 

500 °C [31]. 

3.3.4.2 Low pressure gas sorption experiments on MIL-100(Fe) before and after 

PSM 

The effect of ED and PEI on the CO2 adsorption and desorption of MIL-100(Fe) was 

investigated in the temperature range of 25 to 75 °C and in the pressure range of 0 to 

0.5 bar. Additionally, the results after the PSM using PEI are compared to those of neat 

PEI in order to evaluate the efficiency of the modifications. The CO2 adsorption and 

desorption pseudo-isotherms of neat ED were not measured as this was problematic, due to 

the higher volatility of the amine.  

3.3.4.2.1 MIL-100(Fe) before PSM 

The CO2 pseudo-isotherms of MIL-100(Fe) at 25, 45 and 75 °C are shown in Figure 3.13. 

A decrease in CO2 adsorption capacity with increasing temperature was observed, 

consistent with the reduction in equilibrium concentration of adsorbed species due to the 

higher kinetic energies at higher temperatures. Because CO2 saturation was not achieved in 

the studied pressure and temperature range, MIL-100(Fe) would have a much higher CO2 

adsorption capacity at higher pressures. Equilibrium adsorption was almost achieved at all 

temperatures, which implies that the MOF exhibits good adsorption/desorption kinetics. 

This is important for the performance in a cycling process. Nevertheless a slow and slight 

increase in CO2 adsorption continued to develop during the 20 min equilibration at each 

step. Hysteresis of the pseudo-isotherms indicated some irreversibility of the CO2 

adsorption in MIL-100(Fe), especially at 45 and 75 °C, which may be due to 
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chemisorption. Similar hysteresis has also been reported for HKUST-1, and is thought to 

be due to strong interactions of the CO2 with the CUS [42]. 

The CO2 adsorption capacity in MIL-100(Fe) of 3.10 wt% (0.23 mol(CO2)/mol(CUS)) is 

higher than those of IRMOF-1 (2.11 wt%) and MOF-177 (2.36 wt%) [43] at 25 °C and 

0.5 bar. In comparison with NaX (17.7 wt%) [16], MOF-74(Ni) (22 wt%) [44] and 

HKUST-1 (4 wt%) [45], the CO2 adsorption capacity of 1.25 wt% 

(0.09 mol(CO2)/mol(CUS)) is significantly lower under the same conditions (25 °C, 

0.2 bar). The differences in the CO2 adsorption capacities are presumably due to different 

adsorption energies. The comparison of the CO2 adsorption capacities in the different 

MOFs suggests that further improvements of the adsorption capacities in MIL-100(Fe) are 

required. Improvement of the adsorption capacities of MIL-100(Fe) were therefore sought 

via PSM using ED and PEI. 

3.3.4.2.2 Effect of ED loading 

The CO2 pseudo-isotherms of MIL-100(Fe) before and after the modification with ED at 

25, 45 and 75 °C are compared in Figure 3.13. In the studied pressure range no CO2 

saturation was observed in PSM materials, consistent with the results obtained for the neat 

MOF. The rise in CO2 adsorption capacity (Figure 3.13, left) is also gradual instead of 

steep after the PSM with ED, consistent with the low amine content. Irreversible 

adsorption was also observed, which implies strong interactions between CO2 and the free 

CUS and/or the amine groups. In contrast to this, Demessence et al. reported a steep 

increase in CO2 adsorption capacities in ED (59 wt%) modified H3[(Cu4Cl)3(BTTri)8] [46], 

due to the chemisorption of CO2 on the amine groups [5]. This suggests that an increase in 

ED loading in MIL-100(Fe) will presumably result in a change of the pseudo-isotherm 

shape. 

The CO2 adsorption capacity decreased with increasing temperature, consistent with the 

expected behaviour for classical adsorption where a reduction in the equilibrium 

concentration of adsorbed species is caused by the higher kinetic energies at higher 

temperature. PSM of MIL-100(Fe) with 2.5 wt% ED resulted in improved CO2 adsorption 

capacity at 25 °C over the entire pressure range studied. At 25 °C and 0.5 bar a rise in CO2 

adsorption capacity of 0.19 wt% was observed in MIL-100(Fe)-ED-2.5, which corresponds 

to 0.21 mmol of CO2 per mmol of ED. In contrast to this, MIL-100(Fe)-ED-3 exhibited 

comparable CO2 adsorption capacities up to 0.15 bar and reduced adsorption capacities at 
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pressures above 0.15 bar. At 45 and 75 °C on the other hand, the CO2 adsorption capacities 

in the MIL-100(Fe)-ED-3 were improved at least up to 0.3 bar, but the adsorption 

capacities in MIL-100(Fe)-ED-2.5 were similar or lower than those of MIL-100(Fe). These 

results suggest that the limited amount of amine sites is limiting the improvement in CO2 

adsorption capacities. 

The TGA profiles show that the equilibration time of 20 min was sufficient to reach stable 

uptakes during the adsorption and desorption steps. Therefore, the adsorption kinetics of 

the ED modified materials make these MOFs applicable for cycling processes at all studied 

temperatures. The cycling temperature for these PSM materials was therefore selected to 

be 25 °C, due to good adsorption kinetics and high adsorption capacities. 

The heats of adsorption were calculated from the DTA signals (Figure 3.21) at 25 °C and 

0.02 bar. The values stated here were determined after 10 min of adsorption, as the 

majority of CO2 had been adsorbed within this time for all samples, whether before or after 

PSM. The heats of adsorption decreased in the order MIL-100(Fe)-ED-3 (42 kJ mol
-1

) > 

MIL-100(Fe) (39 kJ mol
-1

) > MIL-100(Fe)-ED-2.5 (37 kJ mol
-1

). These values indicate a 

moderate interaction between CO2 and the CUS in MIL-100(Fe). Heats of adsorption of 

this magnitude after the PSM suggest that both physisorption and chemisorption are likely 

co-occurring in MIL-100(Fe)-ED-2.5 and MIL-100(Fe)-ED-3 involving both CUS and 

amine sites. Similarly low heats of adsorption have been reported and such a mixed 

adsorption mechanism has been suggested for MOF-74(Ni) before (41.5 kJ mol
-1

 at 

0.01 bar) and after PSM (40.5 kJ mol
-1

 at 0.033 mbar) with piperazine [47, 48].  
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- MIL-100(Fe) –MIL-100(Fe)-ED-2.5 –MIL-100(Fe)-ED-3 

Figure 3.13: CO2 pseudo-isotherms of MIL-100(Fe) before and after ED modification 

(left) at 25 °C (■), 45 °C (♦) and 75 °C (▲). TGA profiles of the low pressure CO2 

sorption (right). Closed symbols (■): adsorption and open symbols (□): desorption. 

0

0.5

1

1.5

2

2.5

3

3.5

0 0.1 0.2 0.3 0.4 0.5

C
O

2
 a

d
so

rb
ed

/d
es

o
rb

ed
 /

 w
t%

 

Pressure / bar 

25 °C 

0

0.5

1

1.5

2

2.5

3

3.5

0 50 100 150 200

M
a
ss

 c
h

a
n

g
e 

/ 
w

t%
 

Time / min 

25 °C   

0

0.5

1

1.5

2

2.5

3

3.5

0 0.1 0.2 0.3 0.4 0.5

C
O

2
 a

d
so

rb
ed

/d
es

o
rb

ed
 /

 w
t%

 

Pressure / bar 

45 °C 

0

0.5

1

1.5

2

2.5

3

3.5

0 50 100 150 200

M
a
ss

 c
h

a
n

g
e 

/ 
w

t%
 

Time / min 

45 °C 

0

0.5

1

1.5

2

2.5

3

3.5

0 0.1 0.2 0.3 0.4 0.5

C
O

2
 a

d
so

rb
ed

/d
es

o
rb

ed
 /

 w
t%

 

Pressure / bar 

75 °C 

0

0.5

1

1.5

2

2.5

3

3.5

0 50 100 150 200

M
a
ss

 c
h

a
n

g
e 

/ 
w

t%
 

Time / min 

75 °C 



MOFs with coordinatively unsaturated sites for carbon capture 

108 

 

3.3.4.2.3 Effect of PEI loading 

The comparison of the low pressure pseudo-isotherms and the TGA profiles of MIL-

100(Fe), its PEI modifications and neat PEI are shown in Figure  3.14.  

The pseudo-isotherms of neat PEI show an increase of the CO2 adsorption capacity with 

increasing temperature. This is consistent with the improved mobility of PEI and the better 

CO2 diffusivity at higher temperatures. CO2 saturation was almost achieved in the studied 

pressure range, which suggests that the neat amine is not applicable for high pressure 

separation processes. The pseudo-isotherms exhibit strong hysteresis at all temperatures, 

due to the chemisorption of CO2. It is notable that an increase in CO2 adsorption capacity 

is actually observed upon lowering the CO2 partial pressure at all temperatures. This 

indicates that the sorption kinetics of neat PEI are too slow to achieve equilibrium 

adsorption on the timescale of the experiment. The progressive adsorption during each 

equilibration step is shown in the TGA profiles at the different temperatures. Partial 

desorption of CO2 was only observed at 75 °C as the pressures was reduced below 

0.02 bar. The irreversible adsorption of CO2 on PEI confirms the chemisorption of the 

adsorbate. Extending the equilibration time will eventually result in an equilibration of the 

amount adsorbed, but this extension is likely to be disadvantageous for industrial 

applications. These results suggest that neat PEI would not applicable for cycling 

processes (at least on the timescale examined here). 

In contrast to neat PEI, the PEI modified materials behaved more regularly. The decrease 

in adsorption capacity observed with increasing temperature is consistent with the results 

observed for MIL-100(Fe) before and after PSM with ED. However, at 25 and 45 °C the 

adsorption of CO2 exhibited some irreversibility. This suggests that CO2 is strongly 

interacting with either the free CUS and/or the free amine sites.  

The increase in PEI loading from 3 wt% to 22 wt% resulted in a decrease in adsorption 

kinetics at 25 °C, as a result of poorer diffusion with the increase in PEI loading (Figure 

 3.14, right). However, the PEI modified materials all exhibited better adsorption kinetics 

than the neat amine at all temperatures studied. This result suggests that the PSM materials 

could be applicable in a vacuum swing adsorption (VSA) process.  
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- MIL-100(Fe) – PEI-3 – PEI-22 –PEI-25 - PEI 

Figure 3.14: CO2 pseudo-isotherms (left) and TGA profiles (right) of MIL-100(Fe), its 

PEI modification and neat PEI at 25 °C (■), 45 °C (♦) and 75 °C (▲).Closed (■) and open 

(□) symbols represent adsorption and desorption, respectively. 
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MIL-100(Fe)-PEI-3 was the only PEI modified MIL-100(Fe) that showed a slight increase 

in CO2 adsorption capacity, relative to the parent MOF, over the entire pressure range at 

25 °C. Small improvements were observed at low pressures in the PEI-22 modified sample 

at 25 °C and 45 °C. In the case of MIL-100(Fe)-PEI-25 no increased adsorption capacities 

were apparent. At higher temperatures, the incorporation of amines led to reductions in 

CO2 adsorption capacities compared to MIL-100(Fe). Assuming the adsorption of one PEI 

molecule per CUS, it can be calculated that a maximum of 20 % of all CUS would be 

occupied by PEI at the highest loading. Hence, most of the CUS sites could, in principle, 

be available for CO2 adsorption. The decrease in CO2 adsorption capacity at higher 

temperatures then suggests that the PEI acts as a diffusion barrier for access to the 

preferential adsorption sites. Furthermore, neat PEI outperformed the PEI modified 

materials at 75 °C with an adsorption capacity of 3.50 wt% at 0.5 bar. It can therefore be 

concluded, that the small extent of improvement in the CO2 adsorption capacities in MIL-

100(Fe)-PEI-3 and the reduction in CO2 adsorption capacities after the PSM with 22 and 

25 wt% PEI were possibly due to the low pore volumes after the PSM and the low amine 

loading in case of MIL-100(Fe)-PEI-3.  

The theoretical maximum PEI loading (see Section 3.3.4.1) implied that the PEI loadings 

higher than those reported here might have been achieved. However, testing a sample 

loaded with 50 wt% PEI resulted in even lower adsorption capacities (Figure 3.22, details 

are not reported). The SEM evidence (Figure 3.17) clearly shows that PEI coats the 

surface. While it is likely that the PEI is also present within the pores, it is only the surface 

PEI that would be available for CO2 adsorption. This surface PEI probably blocks access 

to the PEI below the surface and within the substrate, at least on the time scale of the 

experiments reported here. This would explain why such low CO2 adsorption was obtained 

for a high PEI loading.  

The DTA profiles at 25 °C are shown in the supplementary material (Figure 3.21). The 

heat of adsorption for MIL-100(Fe)-PEI-3 was calculated at 0.02 bar and after 10 min of 

adsorption. The so determined value of 55 kJ mol
-1

 is higher than the values for MIL-

100(Fe) and the ED modified materials determined at the same conditions. This result 

suggests that CO2 is chemisorbed onto accessible amine sites of the PEI. Because of the 

low magnitude of CO2 adsorption in MIL-100(Fe)-PEI-22 and MIL-100(Fe)-PEI-25, the 

heats of adsorption could not be determined. 
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3.3.4.3 Cycling experiments on MIL-100(Fe) before and after PSM 

The CO2 adsorption capacity and regenerability of the MOFs were evaluated by 

monitoring pseudo-equilibrium adsorption uptakes over ten adsorption/desorption cycles 

under dry and wet conditions (1 vol% H2O). The majority of the cycling experiments were 

performed at 25 °C, due to the adsorption kinetics determined from the TGA profiles of 

the low pressure sorption experiments. Due to the noisy TGA profiles of MIL-100(Fe)-

PEI-22 and MIL-100(Fe)-PEI-25, the cycling temperature was set to 45 °C. However, the 

effect of temperature on the cycling ability was also determined by repeating the cycling 

on the PEI-22 sample at 25 °C. It should be noted that the timescale shown for the dry 

cycling profiles (Figure  3.15c) correspond to the initial activation of the samples (between 

-155 and approximately -55 min, Ar atmosphere), the cooling (between -55 and -20 min, 

Ar atmosphere) and the equilibration step (between -20 and 0 min, Ar atmosphere) prior to 

the ten cycles of adsorption and desorption (t=0-420 min, Ar/CO2), the subsequent 

equilibration step (t=420-460 min, Ar atmosphere) at 25 or 45 °C and the regeneration step 

(t>460 min, Ar atmosphere). 

The CO2 working capacities under dry conditions are presented in Figure  3.15a. It can be 

seen, that the working capacities vary slightly from cycle to cycle, which can be attributed 

to the ‘noise’ because of the small weight changes considered here being at the limits of 

TG resolution. The working capacity of MIL-100(Fe) (0.61 wt%, 

0.05 mol(CO2)/mol(CUS)) was comparable to the theoretical value of 0.59 wt% 

(0.05 mol(CO2)/mol(CUS)) determined from the low pressure CO2 pseudo-isotherms. This 

was also the case for all other samples cycled at 25 °C (except: MIL-100(Fe)-PEI-22). The 

graph shows that the working capacities measured under dry conditions were similar for 

MIL-100(Fe), MIL-100(Fe)-ED-2.5, MIL-100(Fe)-ED-3 and MIL-100(Fe)-PEI-3. The 

relatively constant working capacities determined in these materials over successive cycles 

indicates good regenerability during the simulated vacuum swing process. The relative 

large spread in the working capacities, from 0.38 wt% to 0.69 wt%, in MIL-100(Fe)-PEI-

22 at 25 °C is a consequence of the slower adsorption kinetics, leading to greater 

variability in the data. This was also apparent in the upwards drift of the baseline in the 

TGA profile (Figure  3.15c) over the course of the ten cycles, due to the progressively 

increasing CO2 adsorption. Increasing the cycling temperature to 45 °C resulted in a 

decrease in working capacities over the ten cycles. Higher PEI loadings led to poorer 
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regenerability, which is evident as a gradual decline of the working capacities through 

successive cycles.  

The TGA profiles of the wet cycling experiments are shown in Figure  3.15d. The H2O 

treatment at 25 °C of MIL-100(Fe) for ~10 h and of ED-3, PEI-3 and PEI-22 modified 

samples for ~7 h did not result in saturation. Saturation of the framework with 1 vol% H2O 

was achieved by increasing the cycling temperature to 45 °C or by increasing the ED 

loading to 3 wt%. The H2O uptake was found to decrease in the order MIL-100(Fe) 

(15.59 wt%, 2.82 mol(H2O)/mol(CUS)) > PEI-3 (12.22 wt%) > PEI-22/25 °C (10.02 wt%) 

> ED-3 (8.57 wt%) > ED-2.5 (6.85 wt%) > PEI-25 (5.90 wt%) > PEI-22/45 °C 

(4.11 wt%). The high H2O uptake led to lower working capacities in each cycle in 

comparison with those obtained under dry conditions (Figure  3.15b). The progressively 

increasing H2O adsorption also caused a decrease in the working capacities over 

subsequent cycles in several cases. Despite the results reported by Soubeyrand-Lenoir 

[16], no improvements in the CO2 capacities in MIL-100(Fe) were observed in the 

presence of H2O vapour. A possible explanation for this difference is the lower amount of 

H2O vapour (1 vol%) used in this work. The working capacities of MIL-100(Fe)-ED-2.5, 

MIL-100(Fe)-ED-3, MIL-100(Fe)-PEI-3 and MIL-100(Fe)-PEI-22 (25 °C ) were higher 

under wet conditions than those of MIL-100(Fe). 

PXRD studies after the wet cycling experiments (Figure  3.23) confirmed the H2O stability 

of MIL-100(Fe), the ED modified materials and MIL-100(Fe)-PEI-22. In the case of the 

PEI-3 and PEI-25 samples a significant reduction in peak intensity was observed, which 

could be due to the low sample amount available for the analyses.  

In conclusion due to the low working capacities and the high impact of H2O vapour, the 

application of these materials in post-combustion capture is seen to be limited. The high 

H2O uptake and stability might make MIL-100(Fe) worth considering as an adsorbent for 

the removal of H2O. Indeed, Jeremias et al. evaluated the potential of MIL-100(Al, Fe) for 

thermally driven, sorption-based chilling or heat pump systems by conducting H2O 

adsorption and cycling experiments using humidified argon, which confirmed the cyclic 

stability [28].  
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- MIL-100(Fe) –ED-2.5 –ED-3 – PEI-3 – PEI-22 (25 °C) – PEI-22 (45 °C)  

–PEI-25 (45 °C) 

Figure 3.15: Working capacities (=difference between CO2 uptake at 0.05 and 0.15 bar) 

during (a) dry and (b) wet (1 vol% H2O) cycling. TGA profiles of the dry (c) and the wet 

(d) cycling experiments at 25 (■) and 45 °C (♦). 

3.3.4.4 High pressure gas sorption experiments on MIL-100(Fe) 

The potential applicability of MIL-100(Fe) for use in high pressure separation was 

examined via high pressure sorption experiments at 25, 45, 75 and 105 °C over the 

pressure range of 0 to 40 bar. Adsorption/desorption isotherms of CO2 and N2 measured at 

four different temperatures are shown in Figure  3.16a, b and c and CO2/N2 selectivities 

(Figure  3.16d) were determined.  

In the studied pressure range, no saturation was observed for either of the adsorbates, but 

the shape of the CO2 isotherms suggests that saturation would be achieved at much lower 
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pressures than for N2. The adsorption of CO2 and N2 was mostly reversible at all 

temperatures, consistent with the predominance of physisorption of the adsorbates under 

these conditions. However, at pressures below 0.5 bar (at 25 and 45 °C) some CO2 was 

retained in the structure upon desorption (Figure  3.16b), which is consistent with the results 

for the low pressure CO2 sorption experiments.  

At 40 bar and 25 °C, the CO2 adsorption capacity of 36.4 wt% (2.69 mol(CO2)/mol(CUS)) 

was lower than the adsorption capacity of approximately 72 wt% reported for MIL-

100(Cr) (30 °C, 40 bar) [49]. On the other hand, the CO2 adsorption capacities were higher 

than those of MIL-53(Al) (29.95 wt%, 25 °C, 25 bar) [50], MIL-53(Al)-NH2 (29.49 wt%, 

30 °C, 13 bar) [51], zeolite 13X (32.6 wt%, 32 bar, 25 °C) [52] and zeolite NaX 

(34.3 wt%, 30 bar, 30 °C) [53].  

 

 

Figure 3.16: High pressure (a, b) CO2 and (c) N2 isotherms of MIL-100(Fe) at 25 (■), 45 

(♦), 75 (▲) and 105 °C (●). (d) CO2/N2 selectivities as a function of pressure at 25 (black), 

45 (red), 75 (blue) and 105 °C (green). Closed (■) and open (□) symbols represent 

adsorption and desorption, respectively. 
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MIL-100(Fe) exhibited a much greater affinity for CO2 than for N2 in the studied 

temperature and pressure range. The selectivities (Figure  3.16d) represent the ratios of the 

single component adsorption capacities and vary between 7 and 24 for CO2 over N2 at 

25 °C. The selectivities were found to decrease with increasing pressure, but above 1 bar 

the CO2/N2 ratios at the different temperatures were comparable. At pressures relevant to a 

VSA process (0.05 to 0.15 bar), the CO2/N2 selectivities ranged from 20 to 24 at 25 °C and 

from 9 to 14 at 105 °C. However, these values were calculated, according to convention, 

for an equimolar gas mixture, which is not the real case in post-combustion CO2 capture. 

Thus, future work should include a determination of the CO2/N2 selectivities under 

realistic to post-combustion capture conditions. 

The results suggest that MIL-100(Fe) can potentially be applied in high pressure 

separation processes such as pre-combustion capture or natural gas separation. Future 

studies should therefore focus on the evaluation of the CO2/H2 and CO2/CH4 selectivities. 

3.3.5 Conclusion 

A series of PSM MIL-100(Fe) frameworks were prepared and characterised. At low ED 

loading (2.5 and 3 wt%), minor improvements in the CO2 adsorption capacities were 

observed. In contrast to this, PEI modified samples containing 22 and 25 wt% amine were 

found to be ineffective for the enhancement of the CO2 adsorption capacities. This 

contrasts with other studies, which have shown that PEI can result in significant 

improvements.[23] The results of the N2 adsorption/desorption at -196 °C suggest that PEI 

has considerably reduced the pore volume. It may therefore be acting as a diffusion barrier, 

especially at higher loadings, which will then hinder CO2 from being adsorbed on the CUS 

of the MIL-100(Fe). Cycling studies under dry conditions confirmed the reversibility of 

the adsorption for the majority of the materials, but also indicated that the materials are not 

applicable for post-combustion capture due to their comparatively low working capacities 

between 0.05 and 0.15 bar. During the wet cycling experiments, high H2O adsorption 

capacities were observed, which resulted in lower CO2 working capacities than those 

found under dry conditions. Interestingly, when using 1 vol% H2O in the feed gas stream, 

H2O adsorption did not saturate the materials over the duration of the experiments at 25 °C 

(except for MIL-100(Fe)-ED-3). The ED modified materials and MIL-100(Fe)-PEI-3 

exhibited higher working capacities than MIL-100(Fe) under wet conditions at 25 °C, but 

still lower than under dry conditions. It is hypothesised that a further increase in ED 
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loading might result in further improvements of the CO2 adsorption and working 

capacities. The MIL-100(Fe) framework was found to selectively adsorb CO2 over N2 over 

the entire pressure and temperature range. The sorption results indicate that while the 

material is not useful for post-combustion capture, it is a potential candidate for the 

separation of H2O at low pressures or CO2 at high pressures. 
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3.3.8 SEM images 

 
Figure 3.17: SEM images of (a) MIL-100(Fe), (b) MIL-100(Fe)-PEI-3 and (c) MIL-

100(Fe)-PEI-50. 

3.3.9 Experimental and theoretical PXRD 

  
Figure 3.18: Comparison of simulated [1] and experimental XRD pattern of MIL-100(Fe). 
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3.3.10 Thermal decomposition 

  
- Literature data [2]- MIL-100(Fe) – ED-2.5 - ED-3 – PEI-3 – PEI-22 – PEI-25 

Figure 3.19: Thermal decomposition of MIL-100(Fe) before and after PSM. 

3.3.11 FTIR spectra 

 
- MIL-100(Fe) – ED-2.5 - ED-3 - PEI-3 – PEI-22 – PEI-25 

Figure 3.20: FTIR spectra of MIL-100(Fe) before and after PSM. 
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3.3.12 DTA profiles 

  
- MIL-100(Fe) – ED-2.5 - ED-3 - PEI-3 – PEI-22 – PEI-25 

Figure 3.21: DTG profiles at 25 °C of MIL-100(Fe) before and after PSM. 

3.3.13 CO2 adsorption in MIL-100(Fe)-PEI-50 

 
Figure 3.22: (a) CO2 pseudo-isotherms of MIL-100(Fe)-PEI-50 at 25 (■), 45 (♦) and 

75 °C (▲). (b) TGA profiles of the low pressure CO2 sorption at 25 (black), 45 (red) and 

75 °C (blue). Closed (■) and open (□) symbols represent adsorption and desorption, 

respectively. 
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3.3.14 Impact of H2O – PXRD after wet cycling 

 

 

 
Figure 3.23: PXRD of MIL-100(Fe) and its amine modifications before (black) and after 

(blue) the sorption of H2O. 
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3.4.1 Abstract 

A series of polyethyleneimine (PEI), diethylenetriamine (DETA) and polypropyleneimine 

octamine dendrimer (DAB-AM-8) modified MIL-101(Cr)-NH2 frameworks were prepared 

and characterised via PXRD, ATR, N2 adsorption/desorption at -196 °C, helium density, 

SEM and elemental analysis. The impact of the postsynthetic modification (PSM) of MIL-

101(Cr)-NH2 on the CO2 adsorption and working capacities was investigated by 

conducting low pressure CO2 sorption measurements (T=25-105 °C, p=0-0.05 bar) and ten 

cycle experiments under dry and humid (1 vol% H2O) conditions. A rise in sorption 

temperature was beneficial for reversible CO2 sorption (0-0.5 bar) with reasonable sorption 

rates and adsorption capacities in DAB-AM-8 and PEI modified frameworks. PSM with 

DETA was found to be ineffective due to significantly lower adsorption capacities than in 

the neat DETA. The most promising material was MIL-101(Cr)-NH2-DAB-AM-8-145, 

which exhibited the highest working capacities of 0.97 wt% and 0.98 wt% under dry and 

humid cycling conditions at 105 °C, respectively. The potential of MIL-10(Cr)-NH2 high 

pressure separation applications was confirmed via high pressure CO2 and N2 sorption 

experiments (T=25-105 °C, p=0-40 bar). 

3.4.2 Introduction 

The escalating level of atmospheric CO2 is one of the most pressing environmental 

concerns of our age and plays a major role in global warming and climate change [1-3]. 

Since the late 19
th

 century the CO2 concentration has increased by 30 % and is expected to 

double over the next two decades [4]. Strategies to reduce CO2 emissions are urgently 

required, especially given that fossil fuel combustion is projected to increase in the near 

future in order to meet the rise in energy demand [5]. 
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Carbon capture and storage (CCS) from large point sources such as power plants is one 

approach for reducing the anthropogenic CO2 emission. The main disadvantage to date is 

the cost for CO2 capture and concentration, which is purported to account for 75 % of the 

overall cost of the CCS. Therefore, cutting the capture cost appears to be the most 

important challenge to make the CCS process economically feasible within the energy 

industry [6-9]. The state of the art technologies for capturing CO2 include absorption by 

aqueous amines (e.g. monoethanolamine, diethanolamine, etc.). The high energy 

requirement for regenerating the absorbents, the loss of effectiveness over time due to the 

low thermal stability, the loss due to evaporation and the tendency to induce corrosion, 

leads to a poor overall efficiency [10-14]. Therefore, other applications, such as 

membranes or adsorption on suitable solids, merit consideration. 

One promising group of porous adsorbent materials for gas capture are metal-organic 

frameworks (MOFs), which have attracted tremendous attention over the past decade due 

to their porosity, high surface area, high pore volume, tuneable pore sizes and topologies 

[15-17]. In order to be applicable to realistic flue streams, CO2 adsorbents should fulfill the 

following requirements: 

 high CO2 capture capacity, 

 high selectivity for CO2 over other components in flue gas, syngas and natural gas, 

 high thermal and hydrothermal stability, 

 good regenerability. 

To effectively remove CO2, industrial processes will typically use pressure swing or 

vacuum swing adsorption (PSA/VSA) techniques, where CO2 is adsorbed at modestly 

elevated pressures and is the released to a storage tank at lower pressures [18]. While PSA 

systems typically adsorb at inlet pressures near 6 bar and desorb at 1 bar, VSA uses an 

inlet pressure of ~1 bar and evacuates to ~0.05 bar for desorption [18, 19]. In order to 

increase the overall capture/separation efficiency, swing adsorption processes are often 

implemented in multiple stages [18].  

The main disadvantage of most MOFs is their low hydrothermal stability due to the weak 

M-O-coordination, which allows the attack of H2O molecules. Phase transformations, 

decomposition of the frameworks, poor reproducibility and decreases in gas sorption 

capacities are often observed. Common reactions of H2O with the metal oxide cluster in 
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MOFs can involve ligand displacement and/or hydrolysis. During the ligand displacement 

a H2O molecule is inserted into a metal-ligand bond as shown in Eq. 3.2: 

M-L + H2O → M-(OH2)∙∙∙L    (3.2) 

As soon as the metal-ligand bond is broken, H2O dissociates into a hydroxide anion and 

proton. The hydroxide anion then binds to the metal, and the proton binds to the displaced 

ligand (Eq.3.3) [20-22]. 

M-L + H2O → M-(OH) + LH    (3.3) 

One hydrothermally stable framework is MIL-101(Cr), which is built from trimers of 

Cr(III) oxide octahedra. Two of the three chromium octahedra are each coordinated to a 

terminal H2O molecule, while the third is coordinated to an OH
-
 anion [23]. Upon heating 

the framework to 150 °C the terminal H2O molecules can be removed, providing 

coordinatively unsaturated sites (CUS), which allow the postsynthetic modification (PSM) 

of the framework [24]. The arrangement of the metal octahedra results in the formation of 

a supertetrahedral building block [25, 26]. Each corner of the tetrahedral unit is occupied 

by the trimeric units which are connected to each other through terephthalic acid ligands 

located on each face [27]. The assembly of the hybrid supertetrahedra further results in the 

formation of a zeotypic mesoporous MOF reminiscent of the MTN topology (related to the 

zeolite ZSM-39) [25, 26, 28]. The corresponding three-dimensional framework exhibits 

two types of cavity, a dodecahedral and a hexakaidododecahedral cage. The first type is 

delimited by 12 pentagonal rings with a window diameter of 1.2 nm, while the second type 

is delimited by 12 pentagonal rings and 4 hexagonal rings [25, 27, 29]. The dodecahedral 

cages are connected together by sharing 5-ring faces in order to form infinite layers 

stacked in an ABC sequence. The second cage is generated at the intersection of the rods 

via hexagonal faces (window diameter 1.6 nm) with a diamond type [27]. 

The effect of DETA and PEI grafted onto the unsaturated metal centres of MIL-101(Cr) 

were studied by Kim et al. [30], Anbia et al. [31] and Lin et al. [32]. While the 

modification of the framework with DETA resulted in a higher CO2 adsorption capacity at 

pressures below 0.15 bar, the capacity decreased from 7.9 wt% to 3.1 wt% at 25 °C and 

1 bar due to the significant decreases in surface area after the modification [30]. Anbia et 

al. reported an increase of the CO2 adsorption capacity from 9.15 wt% to 11.75 wt% 

(25 °C, 34 bar) after the modification of MIL-101(Cr) with pentaethylenehexamine [31]. 

Lin et al. reported the use of linear PEI with an average molecular weight of 300 g mol
-1

, 

which afforded a high performance sorbent for post-combustion capture [32]. However, to 
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date no impregnation of amines into MIL-101(Cr)-NH2 have been reported, despite the 

high CO2/N2 selectivity (119:1) and high CO2 adsorption capacity of 15.9 wt% at 20 °C 

and 1 bar reported by Khutia and co-worker [33]. 

Two different strategies for the synthesis of MIL-101(Cr)-NH2 have been reported. The 

first strategy involves the “prefunctionalisation” approach and was first reported by Lin 

and co-worker [34]. The hydroxide assisted hydrothermal synthesis using chromium 

nitrate, 2-aminoterephthalic acid and sodium hydroxide was conducted at 150 °C for 12 h 

[34]. A second synthetic procedure using the “prefunctionalisation” approach was 

described by Jiang et al. [35], in which MIL-101(Cr)-NH2 was hydrothermally synthesised 

at 130 °C for 24 h without the addition of sodium hydroxide. Bernt and co-workers 

reported the PSM of MIL-101(Cr) via nitration and subsequent reduction of the nitro 

groups to amino groups [36]. 

In this study, MIL-101(Cr)-NH2 (synthesised according to the procedure reported by Jiang 

et al. [35]) was used as a starting material for PSM with ED, DAB-AM-8, DETA and PEI. 

The effect of different PEI loadings (75, 100, 150 wt%) was determined and the most 

efficient loading on a wt% basis was selected for PSM with ED, DAB-AM-8 and DETA. 

The applicability for CO2 capture was assessed in terms of low pressure CO2 

adsorption/desorption (0-0.5 bar) and ten cycle experiments of adsorption/desorption under 

dry and wet conditions (1 vol% H2O), which were carried out by varying the CO2 partial 

pressure between 0.05 and 0.15 bar. Furthermore, high pressure CO2 and N2 sorption 

measurements on MIL-101(Cr)-NH2 were conducted between 0 and 40 bar in the 

temperature range of 25 to 105 °C to investigate its potential for high pressure separation 

processes. 

3.4.3 Experimental section 

3.4.3.1 Chemicals 

2-aminoterephthalic acid (99 %, Sigma Aldrich), chromium nitrate nonahydrate (99 %, 

Aldrich), ethylenediamine (99 %, Sigma Aldrich), DAB-AM-8 (Sigma Aldrich), 

diethylenetriamine (99 %, Sigma Aldrich), DMF (GR grade, Merck), ethanol (≥ 99.7 %, 

Merck), methanol (≥ 99.8 %, Merck), PEI (423 g mol
-1

, mixture of branched and linear 

PEI, Aldrich), argon (high purity, BOC and Air Liquide), carbon dioxide (Food grade, 

Coregas), helium (high purity, Air Liquide), liquid nitrogen (BOC and Air Liquide) and 

nitrogen (high purity, Air Liquide). 
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 All reagents were used without further purification. 

3.4.3.2 Synthesis of MIL-101(Cr)-NH2 

MIL-101(Cr)-NH2 was synthesised by a procedure akin to that reported by Jiang et al. 

[35]. In a typical synthesis, 2.50 g (6.25 mmol) of Cr(NO3)3∙9H2O and 1.15 g (6.35 mmol) 

of 2-aminoterephthalic acid were dispersed in 35 mL H2O, before stirring it for 3 h at room 

temperature. The mixture was heated for 24 h at 130 °C in a Teflon® lined autoclave. 

After cooling the autoclave to room temperature, the product was collected by 

centrifugation (10 min, 6000 rpm) and washed five times with ethanol before drying under 

flowing N2 at room temperature. 

3.4.3.3 PSM of MIL-101(Cr)-NH2 

The wet impregnation of MIL-101(Cr)-NH2 with DAB-AM-8, DETA and PEI was 

conducted by the following method adapted from Lin and co-workers [32]. Prior to the 

modification, MIL-101(Cr)-NH2 was activated under vacuum at 110 °C overnight. The 

desired amount of DAB-AM-8, DETA or PEI was dissolved in approximately 1 mL of 

methanol under stirring for 10 min. 0.2 g of dehydrated MOF were added to the solution, 

which was then stirred for another 10 min. The mixture was then purged with N2 overnight 

at room temperature. Finally, the modified samples were activated under vacuum at 

110 °C overnight.  

PSM of MIL-101(Cr)-NH2 with ED was conducted in accord with the method reported by 

Hwang et al. [24]. A suspension of 0.2 g of MOF, 0.3 g of ED and 30 mL toluene was 

stirred under reflux overnight. The product was recovered by centrifugation and washed 

with H2O and ethanol, before drying it at room temperature. The sample was activated 

under vacuum at 90 °C overnight. 

Three MIL-101(Cr)-NH2-PEI samples with different PEI loadings were prepared (75, 100 

and 150 wt%). The loading of the MOF with ED and DAB-AM-8 was chosen to be 

150 wt%, as MIL-101(Cr)-NH2-PEI-130 exhibited the most promising CO2 adsorption 

capacities during the low pressure CO2 adsorption/desorption measurements. MIL-

101(Cr)-NH2 modified with 150 wt% DETA was prepared, but N2 adsorption/desorption at 

-196 °C showed a blockage of the pores resulting in negligible CO2 capacities at all 

temperatures. Therefore, a second sample was prepared using 100 wt% of DETA. The 

following equation was used to obtain the theoretical loading of the materials: 
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𝐴𝑚𝑖𝑛𝑒 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =
𝑚𝑎𝑠𝑠𝑎𝑚𝑖𝑛𝑒

𝑚𝑎𝑠𝑠𝑀𝐼𝐿−101(𝐶𝑟)−𝑁𝐻2

× 100  (3.4) 

An overview of the theoretical loading (wt%) and the loading after vacuum activation 

(wt% and mol(amine) per mol(CUS)) is given in Table 3.4. In the following sections the 

samples are denoted as MIL-101(Cr)-NH2-PEI-68, MIL-101(Cr)-NH2-PEI-88, MIL-

101(Cr)-NH2-PEI-130, MIL-101(Cr)-NH2-DAB-AM-8-145, MIL-101(Cr)-NH2-DETA-88 

and MIL-101(Cr)-NH2-ED-128. 

Table 3.4: Overview of the theoretical amine loadings (wt%), the amine loadings after 

vacuum activation (evac) and the corresponding molar loadings of the CUS. 

Amine Theoretical loading 

/ wt% 

Loading after evac / 

wt% 

Loading after evac / 

 mol(amine) per mol(CUS) 

PEI 75 68 0.60 

PEI 100 88 0.78 

PEI 150 130 1.14 

DAB-AM-8 150 145 0.70 

DETA 100 88 3.18 

ED 150 128 7.96 

3.4.3.4 Characterisation of MIL-101(Cr)-NH2 before and after PSM 

The characterisation of postsynthetically modified MIL-101(Cr)-NH2 samples was 

conducted after vacuum activation, while MIL-101(Cr)-NH2 was characterised in its as-

synthesised form (corresponds to sample dried under flowing N2 at room temperature), 

unless stated otherwise.  

Nitrogen adsorption/desorption was conducted at -196 °C on a Micromeritics TriStar II 

3020 gas sorption analyser to evaluate the surface area and total pore volume of each 

sample. The samples were activated under vacuum at 90 or 110 °C overnight. The 

Brunauer-Emmett Teller (BET) surface areas were calculated from the data in the relative 

pressure range of 0.01-0.2 on the adsorption isotherm and the pore volumes were estimated 

at p/p0=0.99. 

Carbon, hydrogen and nitrogen contents were determined by elemental analysis in the 

Campbell Microanalytical Laboratory at the University at Otago, New Zealand. The 

measurements were conducted twice and the standard deviation was calculated. 
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Helium densities were recorded using an AccuPyc 1340 (Micromeritics). Prior to the 

analysis, the samples were activated under vacuum. Approximately 0.1 to 0.2 g of MOF 

was placed into a 1 cm
3
 cell and the measurement was performed 

The thermal decomposition was measured via thermal gravimetric analysis (TGA) using a 

Setaram TAG24-16 simultaneous symmetrical thermoanalyser. The sorbents were heated 

to 110 °C under Ar flow for 1 h to remove residual moisture inside the pores. After 

30 min, the gas composition was changed from 100 vol% Ar to 50 vol% air and 50 vol% 

Ar. The sample was then heated to 900 °C with a heating ramp of 10 °C min
-1

. 15 min 

after reaching 900 °C the gas flow was changed from an Ar/air mixture to 100 vol% Ar 

and the temperature was held for an additional 15 min before the system was cooled under 

Ar. 

Scanning electron microscopy (SEM) images were recorded on selected MOFs using a 

JEOL 7001F field emission scanning electron microscope. The accelerating voltage was 

set to 15 kV. 

Powder x-ray diffraction (PXRD) experiments were conducted on a Bruker D8 Focus 

powder diffractometer with CuKα radiation (λ=1.5418 Å) at ambient laboratory 

conditions. The diffractograms were measured before and after amine modification as well 

as after the wet cycling. The PXRD pattern of MIL-101(Cr) was simulated using the 

module “Reflex Tools” in Materials Studio 6.0 [37]. 

Fourier transform infrared (FTIR) spectra were recorded on an Agilent Cary 630 FTIR in 

the spectral range 4000 to 650 cm
-1 

at ambient laboratory conditions. Prior to each 

measurement the background was measured. A small amount of sample was then placed 

on the diamond attenuated total reflectance (ATR) crystal and the spectrum was recorded. 

3.4.3.5 Low pressure gas sorption measurements on MIL-101(Cr)-NH2 before and 

after PSM 

A Setaram TAG24-16 simultaneous symmetrical thermoanalyser was used to measure the 

change in mass of samples (TGA) and the associated heat flow (DTA) as they were 

subjected to CO2. Isotherms on MIL-101(Cr)-NH2 and neat PEI were obtained at 25, 45, 

75 and 105 °C, but the maximum adsorption temperature for the PSM materials varied 

between 75 and 105 °C depending on the adsorption kinetics. CO2 isotherms on neat 

DAB-AM-8 were measured at 75 and 105 °C, due to the slow kinetics and low adsorption 
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capacities at lower temperatures. CO2 isotherms in neat DETA were obtained in the 

temperature range of 25 to 75 °C. 

Prior to the experiments, the samples (except neat PEI, DAB-AM-8 and DETA) were 

activated under vacuum at 90 or 110 °C. Approximately 10 to 20 mg of sample were used 

for each experiment. The first step of the TGA program was the pre-treatment at 110 °C 

under Ar (70 mL min
-1

) for 1 h in order to remove residual moisture. The pre-treatment of 

neat PEI, DAB-AM-8 and DETA was extended to 2 h. The system was then cooled to the 

desired adsorption temperature and the thermoanalyser was allowed to equilibrate for 

20 min. The gas flow was then changed from 100 vol% Ar to an Ar/CO2 mixture. The CO2 

partial pressure was increased in five steps (0.2, 0.5, 0.15, 0.30, 0.50 bar), before the 

amount of CO2 in the gas stream was decreased for desorption at the same step points (and 

then finally to 0 bar). Changes in gas feed composition mimic a pressure swing adsorption 

process by varying the partial pressure of CO2. The temperature remained constant for 

another 20 min after the last desorption step, before the MOFs were heated at 110 °C 

under Ar for 30 min in order to desorb the CO2 completely.  

3.4.3.6 Cycling experiments on MIL-101(Cr)-NH2 before and after PSM 

Cycling experiments were conducted on a Setaram TAG24-16 simultaneous symmetrical 

thermoanalyser by measuring the change in mass. The total flow rate was 70 mL min
-1

 

(e.g., 35 mL min
-1

 sample gas and 35 mL min
-1

 on the reference side of the balance). Prior 

to the experiments, all samples were activated under vacuum at 90 or 110 °C, before 10 to 

20 mg of MOF were heated in-situ under Ar for 1 h. The system was then cooled until the 

desired cycling temperature was reached. While the cycling on MIL-101(Cr)-NH2 was 

performed at 25 °C, higher temperatures (45, 75 or 105 °C) were used for the amine 

modified samples. Ten cycles of adsorption/desorption were carried out by varying the 

CO2 partial pressure between 0.05 and 0.15 bar. The equilibration time of each 

adsorption/desorption step was set to 20 min. For the wet cycling experiments, the MOFs 

were first treated with 1 vol% H2O vapour for ~7 h by exposing the samples to flowing 

wet Ar after the activation step, before treatment with wet CO2/Ar mixtures (1 vol% 

H2O/CO2/Ar, 70 mL min
-1

). 

3.4.3.7 High pressure gas sorption on MIL-101(Cr)-NH2 

CO2 and N2 adsorption and desorption were measured using a Micromeritics High 

Pressure Volumetric Analyser (HPVA). Prior to measuring the isotherms, MIL-101(Cr)-
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NH2 was activated at 110 °C under vacuum overnight. The sample was then transferred 

from the degas to the analysis port and gas sorption was measured at 25, 45, 75 and 105 °C 

up to 40 bar. The sample was re-activated after each isotherm.  

3.4.4 Results and discussion 

3.4.4.1 Characterisation of MIL-101(Cr)-NH2 before and after PSM 

MIL-101(Cr)-NH2 and its modification products were characterised by N2 

adsorption/desorption at -196 °C, elemental analysis, helium desorption, TGA, SEM, 

PXRD and FTIR. The results are discussed below. 

The N2 sorption isotherms at -196 °C are shown in Figure  3.24. The type IV isotherm of 

MIL-101(Cr)-NH2 exhibited the characteristic two step profile for MIL-101 frameworks. 

At a relative pressure of 0.1, a significant amount of N2 was adsorbed onto the surface of 

the porous cavities. A further increase in relative pressure resulted in the filling of the 

pores (p/p0~0.4) [38]. At high relative pressure, the isotherm features a type H2 hysteresis 

loop, consistent with the agglomeration of the nanoparticles [35]. This was also observed 

for nanoparticles of MIL-101(Cr) and MIL-101(Cr)-NH2 [35, 39]. After the PSM the 

hysteresis was still present, but the type varied from H2 (MIL-101(Cr)-NH2-PEI-

68/88/130, MIL-101(Cr)-NH2-DAB-AM-8-145) to H3 (MIL-101(Cr)-NH2-ED-128, MIL-

101(Cr)-NH2-DETA-88). The isotherms remained type IV after the modification; however, 

the characteristic step profile was attenuated due to the filling of the cavities with the 

amines.  

BET surface areas and pore volumes are compared in Table  3.5. MIL-101(Cr)-NH2 gave a 

surface area of 2269 m
2
 g

-1
, which was slightly higher than the reported 2070 m

2
 g

-1
 [35]. 

This discrepancy could be due to the vacuum activation overnight applied in this work 

compared to the 4 h stated by Jiang et al.[35] Furthermore, there may be a difference in the 

relative pressure range over which the BET surface area was estimated, since this was not 

specified in the prior work. From the determined total pore volume of MIL-101(Cr)-NH2 

and the densities of ED (0.90 g cm
-3

), DAB-AM-8 (0.99 g cm
-3

), DETA (0.96 g cm
-3

)
 
and 

PEI (1.07 g cm
-3

), the loadings that would fully occupy the pore volume were estimated to 

be 200 wt%, 182 wt%, 188 wt% and 168 wt%, respectively. Therefore, the highest loading 

to be employed was chosen as 150 wt% for each of the amines, so as to avoid complete 

pore filling. Nevertheless, complete pore filling was observed in the modification with 

150 wt% DETA, so that the maximum applied loading for this amine was reduced to 
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100 wt%. Upon impregnation with amines, a significant decrease in BET surface area and 

total pore volume was observed, which implies the successful grafting onto the CUS in the 

framework structure.  

 
- MIL-101(Cr)-NH2 – PEI-68 – PEI-88 – PEI-130 – DAB-AM-8-145– ED-128                

– DETA-88  

Figure 3.24: N2 isotherms measured at -196 °C on MIL-101(Cr)-NH2 before and after 

PSM. The right graph shows the isotherms of the amine modified materials on an enlarged 

scale for better comparison. 

The elemental compositions of MIL-101(Cr)-NH2 before and after modification materials 

are shown in Table  3.5. The theoretical elemental composition of MIL-101(Cr)-NH2 was 

calculated from the empirical formula Cr3O(OH)(H2O)2[BDC-NH2]3 to yield 37.81% C, 

2.64 % H and 5.51 % N. The comparison of theoretical and experimental composition 

indicates the presence of approximately one lattice H2O molecule. An increase in carbon, 

hydrogen and nitrogen content confirmed the incorporation of the amines into the 

structure. As expected an increase in amine loading resulted in a rise in nitrogen content.  

The helium densities before and after PSM (except for MIL-101(Cr)-NH2-DAB-AM-8-

145) are listed in Table  3.5. The PSM of MIL-101(Cr)-NH2 resulted in a decline in helium 

densities, which was more pronounced at higher loadings. The densities of the PSM 

materials increased in the order PEI<DETA<ED, consistent with the densities of the neat 

amines.  
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Table 3.5: Elemental composition, BET surface area, total pore volume and helium 

density of MIL-101(Cr)-NH2 and its modifications. 

MOF %C %H %N BET surface 

area / m
2
 g

-1
 

Total pore 

volume/ 

cm
3
 g

-1
 

Helium 

density/  

g cm
-3

 

MIL-101(Cr)-NH2 37.06 

±0.87 

2.93 

±0.53 

5.33 

±0.42 

2269 1.80 1.6906 

±0.0019 

PEI-68 39.71 

±0.45 

5.89 

±0.28 

15.53 

±0.39 

238 0.51 1.3979 

±0.0018 

PEI-88 39.30 

±0.17 

6.09 

±0.10 

16.80 

±0.07 

71 0.26 -*
 

PEI-130 41.08 

±0.10 

6.31 

±0.32 

18.27 

±0.17 

23 0.13 1.3415 

±0.0022 

ED-128 35.91 

±0.12 

4.88 

±0.22 

12.98 

±0.25 

77 0.43 1.6409 

±0.0034 

DAB-AM-8-145 45.76 

±0.60 

7.57 

±0.60 

14.31 

±0.19 

121 0.34 -* 

DETA-88 39.70 

±0.31 

5.36 

±0.25 

16.05 

±0.20 

46 0.40 1.4729 

±0.0022 

*
insufficient sample amount for analyses 

The TGA decomposition profiles of the MOFs are shown in the supplementary materials 

(Figure 3.34a). Between 40 and 110 °C MIL-101(Cr)-NH2 showed an initial weight loss of 

approximately 30 molecules of lattice H2O per formula unit. The higher amount of lattice 

H2O molecules determined via TGA compared to the results from the elemental analysis is 

consistent with loss of H2O during the vacuum activation of MIL-101(Cr)-NH2 prior to the 

elemental analysis. At temperatures between 110 and 360 °C, the H2O molecules 

coordinated to the chromium trimers were removed (~ 4 to 5 wt%). This result is in good 

agreement with the expected weight loss of 4.73 wt% calculated from the empirical 

formula Cr3O(OH)(H2O)2[BDC-NH2]3. The first weight loss was substantially reduced 

after the PSM of MIL-101(Cr)-NH2, presumably due to the reduced pore volumes and the 

vacuum activation of the modified materials during their preparation. The incorporation of 

amines appears to have caused a reduction in the thermal stability since, starting at 

approximately 200 to 240 °C (depending on the amine incorporated), a gradual weight loss 

developed for all PSM materials, consistent with the loss of the amines. However, the 
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temperatures corresponding to the complete decomposition of the framework increased 

somewhat, in the order MIL-101(Cr)-NH2 < ED-128 < DAB-AM-8-145 < DETA-88 < 

PEI-68 < PEI-88 < PEI-130.  

 
Figure 3.25: SEM images of (a) MIL-101(Cr)-NH2, (b) MIL-101(Cr)-NH2-DETA-88, (c) 

MIL-101(Cr)-NH2-PEI-68 and (d) MIL-101(Cr)-NH2-PEI-88. 

SEM images were obtained for MIL-101(Cr)-NH2 and after loading with 88 wt% DETA, 

68 wt% PEI and 88 wt% PEI. The agglomeration of the nanoparticles of MIL-101(Cr)-

NH2 was clearly visible in Figure  3.25a and was still present after the modification with 

68 wt% PEI. However, higher loadings of DETA and PEI led to a reduction of 

agglomeration and a more uniform surface morphology. Ferreira et al. also observed that, 

the higher amounts of 2-aminoterephthalic acid in MIL-101(Cr) tended to reduce the 

particle size and crystallinity, resulting in less defined morphologies [40], consistent with 

the reduction in morphology definition observed here. 

The IR spectra of MIL-101(Cr)-NH2 before and after PSM are compared with the spectra 

of the neat amines in Figure  3.26. The incorporation of amines into MIL-101(Cr)-NH2 

resulted in a shift in the position of IR absorption bands corresponding to the asymmetric 

(a) (b) 

(c) (d) 
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(3480 cm
-1

) and symmetric (3372 cm
-1

) stretch [36] of the amine moieties towards the 

asymmetric (~3335 cm
-1

) and symmetric (~3260 cm
-1

) stretch of the neat amines, which is 

consistent with the high amine loadings used in this work. The successful modification 

was further confirmed by the presence of asymmetric (~2930 cm
-1

) and symmetric 

(~2800 cm
-1

) CH2 stretch vibrations [30].  

 
- MIL-101(Cr)-NH2 – PEI-68 – PEI-88 – PEI-130 – DAB-AM-8-145– ED-128                

– DETA-88 – DAB-AM-8 – DETA – ED – PEI 

Figure 3.26: FTIR spectra of MIL-101(Cr)-NH2 before and after the PSM with (a) PEI, 

(b) DAB-AM-8, (c) ED and (d) DETA. The spectra are compared to the spectra of the neat 

amines. 

The results of the PXRD experiments are shown in Figure 3.34b. The broadness of the 

Bragg peaks of MIL-101(Cr)-NH2 is in good agreement with the data published by Jiang et 

al. [35] and is consistent with the small particle size. The incorporation of amines resulted 

in an apparent reduction of crystallinity (broader and less intense peaks), and was also 
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found to be dependent on the loading and the type of amine. At a PEI loading of 68 wt%, 

the intensity of the peak at 2θ=9.2° was higher than for the 88 wt% and 130 wt% cases. 

MIL-101(Cr)-NH2-DAB-AM-8-145 showed an overall stronger diffraction pattern than 

MIL-101(Cr)-NH2-PEI. In fact, the peaks at 3.2° and 5.1° were visible in the diffraction 

pattern of MIL-101(Cr)-NH2-DAB-AM-8-145. The incorporation of ED and DETA 

resulted in the lowering of the apparent crystallinity. These changes are attributed to the 

pore filling of MIL-101(Cr)-NH2. Likewise, diminished intensities were also reported after 

the modification of MIL-101(Cr) and SBA-15 with PEI [32, 41].  

3.4.4.2 Low pressure gas sorption measurements on MIL-101(Cr)-NH2 before and 

after PSM 

Low pressure (0-0.5 bar) CO2 adsorption and desorption pseudo-isotherms at 25, 45, 75 

and 105 °C were measured to investigate the impact of different PEI loadings and different 

amines on the CO2 uptakes and sorption kinetics. The results of the low gas sorption 

experiments are discussed in the following five sections. 

3.4.4.2.1 Effect of PEI loading 

In Figure  3.27a to d, the CO2 adsorption/desorption pseudo-isotherms of MIL-101(Cr)-

NH2 before and after PSM with PEI are compared. In the studied pressure range, no CO2 

saturation was observed in MIL-101(Cr)-NH2, but after the PSM with PEI the CO2 

adsorption capacities were found to increase only slightly at pressures above ~0.15 bar. 

This result suggests that the PEI modified materials are not applicable for high pressure 

separations as CO2 saturation is achieved at low pressures. With increasing temperature, 

the CO2 adsorption capacities of MIL-101(Cr)-NH2, MIL-101(Cr)-NH2-PEI-68 and MIL-

101(Cr)-NH2-PEI-88 were all found to decrease. This is consistent with the expected 

behaviour for classical adsorption where the higher kinetic energies at higher temperatures 

lead to a reduction in the equilibrium concentration of adsorbed species. However, the CO2 

adsorption behaviour on MIL-101(Cr)-NH2-PEI-130 was different. In this case, the 

amount of CO2 adsorbed was comparable at 25 and 45 °C and was found to increase with 

temperature up to 75 °C. Since the internal porosity of MIL-101(Cr)-NH2-PEI-130 is 

essentially fully occupied by the PEI, CO2 penetration into the sample at the temperatures 

is very slow and incomplete on the timescale of the experiment. Equilibrium adsorption is 

never achieved. At the higher temperature, 105 °C, the mobility of PEI is enhanced such 

that CO2 can penetrate more quickly and effectively but, at the same time, the higher 
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temperature causes a reduction in the equilibrium concentration of the adsorbed species. 

The hysteresis between adsorption and desorption in the neat MIL-101(Cr)-NH2 is 

consistent with the strong interactions of the CO2 with the CUS in the framework structure. 

These findings are in good agreement with studies on HKUST-1, for which it was shown 

that vacuum was insufficient for the regeneration of the material, while a completely 

reversible adsorption was easily achieved by increasing the temperature under a N2 purge 

[42]. The hysteresis between adsorption and desorption in the PSM materials at lower 

temperatures indicates an apparent irreversibility in the CO2 adsorption, due to the 

timescale of the experiment (20 min equilibration time). This result suggests that the 

diffusion of CO2 into the pores was limited at lower temperatures.  

At 25 °C the CO2 adsorption capacities for PEI modified MIL-101(Cr)-NH2 increased in 

the order MIL-101(Cr)-NH2-PEI-130 < MIL-101(Cr)-NH2-PEI-68 < MIL-101(Cr)-NH2-

PEI-88. The lower CO2 capacity of MIL-101(Cr)-NH2-PEI-68 can be explained by the 

smaller amount of amine groups present. Despite having the smallest CO2 adsorption 

capacity at low temperature, MIL-101(Cr)-NH2-PEI-130 showed the highest adsorption 

capacity in comparison with the lower PEI loadings at 75 °C. This is attributed to the 

mobility of PEI at this temperature; because of this pores that were not accessible at lower 

temperature become accessible allowing CO2 to diffuse into the pores. 

In order to determine the nature of the adsorption mechanism before and after PEI 

modification, the heats of adsorption were calculated from the DTA signals at 25 °C 

(Figure 3.34c). The values stated here were determined at 0.2 bar and after 10 min of 

adsorption. This duration was chosen for MIL-101(Cr)-NH2 and all PEI modified 

materials, as the majority of CO2 was adsorbed into the materials. The heats of adsorption 

decreased from MIL-101(Cr)-NH2-PEI-68 (68 kJ mol
-1

) > MIL-101(Cr)-NH2-PEI-130 

(63 kJ mol
-1

) ~ MIL-101(Cr)-NH2-PEI-88 (62 kJ mol
-1

) > MIL-101(Cr)-NH2 (37 kJ mol
-1

). 

While CO2 was physisorbed into MIL-101(Cr)-NH2, the heats of adsorption of the PSM 

materials indicate that the adsorption of CO2 is essentially via chemisorption rather than 

physisorption. This would also explain the hysteresis in the sorption pseudo-isotherms of 

the PEI materials and the change in pseudo-isotherm shape. Similar findings were reported 

after the PSM of H3(Cu4Cl)3(BTTri)8 (H3BTTri= 1,3,5-tri(1H-1,2,3-triazol-4-yl)benzene 

with N,N’-dimethylendiamine and MOF-74(Ni) with piperazine [43, 44]. 
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Figure 3.27: CO2 adsorption (■)/desorption (□) pseudo-isotherms for MIL-101(Cr)-NH2 

before and after PEI modification at 25 °C (■), 45 °C (♦ ), 75 °C (▲) and 105 °C (●). 

3.4.4.2.2 Effect of different amines on the CO2 uptakes 

The CO2 pseudo-isotherms of MIL-101(Cr)-NH2 before and after PSM with DAB-AM-8, 

DETA and ED are presented in Figure  3.28. Due to the low CO2 uptakes of MIL-101(Cr)-

NH2-ED-150 and the higher volatility of ED, the sorption pseudo-isotherms for this 

sample were measured only up to 75 °C.  

Figure  3.28 shows that increasing the CO2 pressure resulted in a rise in CO2 adsorption 

capacities and that the CO2 capacities for the PSM materials decrease in the order DAB-

AM-8 > PEI > DETA > ED. This can be correlated with the number of amine sites 

available for adsorption across this set of samples, which follows the same order. A change 

in the pseudo-isotherm shape after the PSM with DAB-AM-8, DETA and ED was 
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observed, similar to that obtained after the PSM with PEI. This, again, implies a change in 

adsorption mechanism from physisorption, prior to PSM, to chemisorption after PSM.  

In the studied pressure and temperature range no CO2 saturation in MIL-101(Cr)-NH2-

DAB-AM-8-145 was observed, although it is obvious from the shape of the pseudo-

isotherms that the amine modified samples would reach saturation at much lower CO2 

pressures than MIL-101(Cr)-NH2. In contrast to MIL-101(Cr)-NH2-PEI-130, the CO2 

adsorption capacity was found to decrease with increasing temperature, in all cases, 

consistent with the expected behaviour for classical adsorption where the higher kinetic 

energies at higher temperatures lead to a reduction in the equilibrium concentration of 

adsorbed species. The adsorption and desorption pseudo-isotherms exhibited very 

significant hysteresis after the PSM with DAB-AM-8, which was less pronounced at 

higher temperatures as a result of the more facile approach to equilibrium. A comparison 

of the CO2 pseudo-isotherms of MIL-101(Cr)-NH2 and MIL-101(Cr)-NH2-DAB-AM-8-

145 revealed that enhanced CO2 adsorption capacities, over the entire pressure and 

temperature range, were obtained after the PSM with this amine, especially at low 

pressures and/or high temperatures. For instance, the DAB-AM-8 modified framework 

exhibited a CO2 adsorption capacity of 4.20 wt% at 0.5 bar and 105 °C, which was 

significantly higher than the CO2 adsorption capacity 0.39 wt% in MIL-101(Cr)-NH2 

under the same conditions. 

MIL-101(Cr)-NH2-DETA-88 and MIL-101(Cr)-NH2-ED-128 were nearly saturated with 

CO2 and only small improvements of the CO2 adsorption capacities were observed 

(especially at 75 °C), which were negligible in comparison with the results after the PSM 

with DAB-AM-8 and PEI. As discussed for the DAB-AM-8-145 and PEI modified 

materials, the adsorption/desorption pseudo-isotherms exhibited a hysteresis after the PSM 

with DETA and ED, consistent with the chemisorption of CO2 onto the primary and/or 

secondary amines. 

The measured heats of adsorption again indicate that CO2 was chemisorbed in MIL-

101(Cr)-NH2-DAB-AM-8-145 (138 kJ mol
-1

) and in MIL-101(Cr)-NH2-DETA-88 

(118 kJ mol
-1

). The heat of adsorption of the ED modified framework was found to be 

30 kJ mol
-1

, more consistent with the physisorption of CO2. While the heats determined 

here provide a good indication, in some case an under- or overestimation of values is 

possible due to a baseline drift in the DTA profile (Figure 3.34c) and the comparatively 



MOFs with coordinatively unsaturated sites for carbon capture 

144 

 

low CO2 adsorption capacities considered here, especially for the DETA and ED modified 

samples. 

 
Figure 3.28: CO2 adsorption (■)/desorption (□) pseudo-isotherms for MIL-101(Cr)-NH2 

before and after amine modification at 25 °C (■), 45 °C (♦ ), 75 °C (▲) and 105 °C (●). 

3.4.4.2.3 Effect of different amines on the sorption kinetics 

Figure  3.29 shows the effect of temperature on the adsorption/desorption rates before and 

after amine modification. At 25 and 45 °C, the CO2 adsorbed on the DAB-AM-8-145, PEI-

68 and PEI-88 modified samples increased rapidly with each pressure step. PEI-130 on the 

other hand showed a slow continuous uptake of CO2 at low temperatures. The 

adsorption/desorption clearly did not reach equilibrium in the 20 min allowed for each 

adsorption/desorption step at these temperatures, due to the restricted diffusivity of CO2 

within most amines at low temperatures. While the adsorption/desorption in ED and 

DETA modified MIL-101(Cr)-NH2 reached equilibrium in 20 min at 25 °C, PEI and DAB-
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AM-8 modified samples required 75 °C or 105 °C for this to occur. This shift upwards in 

the “optimal” operating temperature may be beneficial for a VSA process aiming to 

separate CO2 from flue gas, since there would be a reduced need to cool the flue gas, 

which potentially lowers the cost required for the capture process.  

 
- MIL-101(Cr)-NH2 – PEI-68 – PEI-88 – PEI-130 – DAB-AM-8-145– ED-128                

– DETA-88 

Figure 3.29: TGA profiles of MIL-101(Cr)-NH2 before and after amine modification at (a) 

25 °C, (b) 45 °C, (c) 75 °C and (d) 105 °C. 

With higher PEI loadings the adsorption/desorption rate decreased at lower temperatures in 

the order MIL-101(Cr)-NH2-PEI-68 < MIL-101(Cr)-NH2-PEI-88 < MIL-101(Cr)-NH2-

PEI-130 and equilibrium was reached within the timescale of the experiment at the higher 

temperatures. Increasing the temperature resulted in an increase of the mobility of PEI at 

higher temperatures allowing the diffusion of CO2 into pores that were not accessible at 

lower temperatures. 
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3.4.4.2.4 Comparison to neat DAB-AM-8, DETA and PEI 

Where possible the low pressure CO2 sorption experiments were repeated using the neat 

amines in order to get a better understanding of the performance of the amine modified 

materials. However, due to its relatively high volatility, the sorption pseudo-isotherms of 

ED could not be measured.  

Figure  3.30a shows the sorption pseudo-isotherms of DAB-AM-8, DETA and PEI at 

different temperatures. In most cases, the CO2 adsorption capacities increased with 

increasing temperature. DETA exhibited the highest sorption capacities between 25 and 

75 °C, reaching a maximum of 16.2 wt% at 75 °C and 0.5 bar. Furthermore, CO2 

saturation for most amines was achieved at pressures below 0.2 bar. One exception was the 

sorption of CO2 on PEI at 105 °C, which did not reach a saturated uptake in the studied 

pressure range. The maximum adsorption capacity in PEI was 4.29 wt% at 0.5 bar and 

105 °C.  

The TGA profiles for the neat amines given in Figure  3.30b to d were recorded in an 

identical manner to those of the composite materials in Figure  3.29. The profiles show that 

after an initial rapid uptake of CO2 at pressures below 0.2 bar, the sorption process 

becomes slower at higher pressures. Two exceptions to this are the adsorption of CO2 in 

DAB-AM-8 and PEI at 105 °C, which show a slow uptake at low pressures. Furthermore, 

all amines still absorbed CO2 during the 20 min of equilibration after each pressure 

increase. Due to the comparatively low CO2 adsorption capacities and the slow 

diffusivities, neat DAB-AM-8 and PEI have relatively poor CO2 capture performance. This 

result also indicates that with increasing number of amine groups, the CO2 sorption kinetic 

becomes slower. It is hypothesised that longer equilibration times will lead to an increase 

in CO2 adsorption capacity. Very little desorption was observed upon lowering the 

pressure, which suggests that CO2 was strongly chemisorbed in the amines. Upon final 

heating the amines to 90 or 110 °C the amount desorbed was increased, but since more 

CO2 was adsorbed at higher temperatures, this does not imply a reduction in the retention 

of CO2 after the final re-activation step. In fact more CO2 was retained. An example is the 

sorption of CO2 in DETA, which is completely reversible upon heating after 

adsorption/desorption at 25 °C, while 7.69 wt% CO2 remained chemisorbed after 

adsorption/desorption at 75 °C and subsequent heating. One possible explanation is the 
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lower CO2 adsorption capacity at lower temperatures, which could enable complete 

desorption upon heating. 

 

 
Figure 3.30: (a) CO2 adsorption (■) pseudo-isotherms for DAB-AM-8 (red), DETA 

(black) and PEI (green) at 25 °C (■), 45 °C (♦ ), 75 °C (▲) and 105 °C (●). TGA profiles 

of DAB-AM-8 (b), DETA (c) and PEI (d) at 25 °C (black), 45 °C (red), 75 °C (blue) and 

105 °C (green). Between t=220 min and t~250 min the amines were heated to 90 °C 

(DETA) or 110 °C (PEI, DAB-AM-8) and then cooled under flowing Ar. 

Figure 3.31 shows the comparison of the adsorption pseudo-isotherms of the PSM 

materials with those of the neat amines. In comparison with the amine modified MOFs, 

only MIL-101(Cr)-NH2-DAB-AM-8-145 showed a higher CO2 adsorption capacity than 

the neat amine over the entire pressure and temperature range. Although the sorption 

pseudo-isotherms at 25 and 45 °C were not measured on neat DAB-AM-8 due to very 

slow adsorption/desorption rates at these temperatures, it can be expected that the 

adsorption capacity is lower than the 0.60 wt% at 75 °C. The results show that the CO2 

adsorption capacities in MIL-101(Cr)-NH2-DAB-AM-8-145 were indeed improved 
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beyond those observed in MIL-101(Cr)-NH2 and in neat DAB-AM-8. The PEI modified 

frameworks exhibited significantly higher CO2 adsorption capacities at 25 and 45 °C over 

the entire pressure range, but at 75 °C only MIL-101(Cr)-NH2-PEI-130 had a higher 

adsorption capacity up to 0.15 bar. A further increase in temperature resulted in a lower 

CO2 adsorption capacity compared to the 4.39 wt% in neat PEI. In contrast to these results, 

the neat DETA outperformed the amine modified material at all temperatures and over the 

entire studied pressure range. One explanation could be the low accessibility of the amine 

groups in MIL-101(Cr)-NH2-DETA-88. Despite the lower CO2 adsorption capacities in 

some cases, the incorporation of these amines led to an improvement of the sorption 

kinetics especially at higher temperatures and therefore allowed CO2 to be desorbed upon 

lowering the pressure. This is necessary for a good performance under cyclic conditions. 

 

 

- Neat amines – PEI-68 – PEI-88 – PEI-130 – DAB-AM-8-145 – DETA-88 

Figure 3.31: Comparison of CO2 adsorption pseudo-isotherms for MIL-101(Cr) modified 

frameworks with neat DAB-AM-8, DETA and PEI at 25 °C (■), 45 °C (♦ ), 75 °C (▲) and 

105 °C (●). 
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3.4.4.3 Cycling experiments on MIL-101(Cr)-NH2 before and after PSM 

For industrial applications, adsorbents are required that exhibit a good stability and 

regenerability over many cycles preferably in the presence of H2O vapour. The stability 

and regenerability before and after PSM were assessed by performing cycling experiments 

under dry and wet conditions (1 vol% H2O).  

Table  3.6 summarizes the cycling conditions, the H2O uptake and the average working 

capacities during the dry and wet cycling experiments. As discussed above, the cycling 

experiments of the PSM materials needed to be performed at higher temperatures in order 

to obtain faster adsorption kinetics and therefore to reach equilibration of the uptake during 

the 20 min allowed for each cycle. The average of the working capacities over the ten 

cycles was determined for a better comparison of these materials. The working capacity 

estimated from the low pressure pseudo-isotherms was observed in the first cycle in each 

PSM material, but from cycle two onwards, working capacities were smaller due to the 

chemisorption of CO2.  

Table 3.6: Summary of cycling conditions and results. 

MOF Cycling 

temperature 

/ °C 

H2O 

uptake 

/ wt% 

Average CO2 

working 

capacity dry/ 

wt% 

Average CO2 

working 

capacity wet/ 

wt% 

MIL-101(Cr)-NH2 25 8.55 0.81 0.85 

MIL-101(Cr)-NH2-PEI-

68 

75 1.61 0.38 0.35 

MIL-101(Cr)-NH2-PEI-

88 

75 - 

 

0.47 0.41 

MIL-101(Cr)-NH2-PEI-

130 

105 - 0.16 0.23 

MIL-101(Cr)-NH2-ED-

128 

45 5.18 0.27 0.15 

MIL-101(Cr)-NH2-DAB-

AM-8-145 

105 0.74 0.97 0.98 

MIL-101(Cr)-NH2-

DETA-88 

45 1.76 0.25 0.28 
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The comparison of the average working capacities under dry and wet conditions revealed, 

that most of these MOFs show a good regenerability and stability even in the presence of 

H2O vapour. Although some of these PSM materials exhibited higher CO2 adsorption 

capacities at 0.05 bar during the low pressure experiments, the working capacities in the 

cycling experiments are lower than those of MIL-101(Cr)-NH2 (except for MIL-101(Cr)-

NH2-DAB-AM-8-145). At this point it should be mentioned that if these results would be 

compared with CO2 uptakes of MIL-101(Cr)-NH2 at temperatures of 45 °C and above, 

most of these modifications would improve the performance during cycling. While the 

working capacities are smaller than those reported for MCF modified with linear PEI 

(Mw=2500), which range from approximately 3.8 wt% to 2.5 wt%, the results for MCF 

modified with branched PEI (Mw=1200) are similar to those observed in MIL-101(Cr)-

NH2-PEI-88 under dry conditions [45].  

MIL-101(Cr)-NH2 exhibited a H2O uptake of 8.55 wt%, which makes the material an 

attractive H2O adsorbent. The PSM of the framework resulted in diminished H2O uptakes 

consistent with the smaller pore volumes (Table  3.5). However, despite similar pore 

volumes in MIL-101(Cr)-NH2-DETA-88 and MIL-101(Cr)-NH2-ED-128, the ED modified 

framework exhibited a significantly higher H2O uptake than after PSM with DETA, 

consistent with the loss of ED during the experiment. The PSM materials containing DAB-

AM-8, DETA and PEI exhibited similar or slightly higher CO2 working capacities under 

humid conditions, which confirm the regenerability of these materials under cycling 

conditions. In contrast to this, the MIL-101(Cr)-NH2-DAB-AM-8-145 exhibited a working 

capacity that was 0.16 wt% higher under dry conditions. This result suggests that H2O is 

slightly improving the CO2 uptake in this framework.  

The TGA profiles of the dry and wet cycling experiments are shown in Figure  3.32a and b. 

Equilibrium adsorption under dry conditions was achieved in most materials during the 

allowed equilibration time of 20 min. One exception to this was MIL-101(Cr)-NH2-DAB-

AM-8-145, which exhibited continuously increasing adsorption during these 20 min under 

both conditions. This result suggests that the adsorption kinetics for this sample are still 

too slow to achieve equilibrium adsorption. The additional mass loss of MIL-101(Cr)-NH2 

at the end of the dry experiment at t=500 min compared to the mass change at t=-55 min 

could have been due to the incomplete removal of moisture during the initial activation 

step at 110 °C for 1 h and was therefore lost during the final heating after the cycling 

experiments. During the initial H2O pre-treatment step (t=0 to 400 min), no saturation was 
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obtained in MIL-101(Cr)-NH2 and MIL-101(Cr)-NH2-ED-128, which resulted in a 

progressive increase in H2O adsorption during the cycles and therefore equilibrium 

adsorption was not achieved, especially in MIL-101(Cr)-NH2. MIL-101(Cr)-NH2-PEI-130 

showed a small weight loss during the initial H2O saturation step (Figure  3.32b), which 

implies that some of the PEI was volatilised in the presence of steam prior to the cycling 

process. This volatilisation could result in a slight increase in pore volume of the PEI-130 

sample, hence increasing the working capacity. An additional weight loss after the final 

heating period (t=890 min) in the PEI-88 and PEI-130 samples was observed, which could 

be due to some volatilisation of PEI that is not strongly bound to the CUS, because of its 

high concentration. In the case of the DAB-AM-8 modified framework, no H2O uptake 

was observed during the first 200 min, after which H2O was adsorbed into the framework. 

At the end of the wet cycling, the samples were heated at 90 to 110 °C in order to desorb 

the H2O fully. While the PEI modified materials did return to their original weight after 

this treatment, the other PSM materials remained heavier than before the experiments, 

though the nature of the retained material was not ascertained. 

 
- MIL-101(Cr)-NH2 – PEI-68 – PEI-88 – PEI-130 – DAB-AM-8-145– ED-128                   

– DETA-88 

Figure 3.32: TGA profiles of MIL-101(Cr)-NH2 before and after amine modification 

under (a) dry and (b) wet (1 vol% H2O) conditions. 

The stabilities of the samples during the wet cycling experiments were evaluated by 

PXRD. The comparison of the diffraction patterns before and after the exposure to H2O 

vapour is shown in the supplementary material (Figure 3.35 and Figure 3.36). The 

hydrothermal stability of MIL-101(Cr)-NH2 was confirmed, with no changes in the 

diffraction pattern being observed. The PSM with PEI and DAB-AM-8 resulted in 
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reduction in peak intensities and hence the apparent crystallinities. To determine the cause 

of this loss, the cycling studies should be extended in order to get a better insight into the 

long term stability of the materials. The PXRD studies indicate that the MOFs with high 

amounts of amines are more susceptible to a loss in crystallinity and therefore a partial 

decomposition of the framework during wet cycling processes. However, it should be 

mentioned that the crystallinity of the materials is relatively poor to start with and it might 

be better to compare the ‘before and after’ structures by determining the BET surface area 

and pore volume. 

3.4.4.4 High pressure gas sorption on MIL-101(Cr)-NH2 

The CO2 and N2 isotherms of MIL-101(Cr)-NH2 were measured in the temperature range 

between 25 to 105 °C and at pressures up to 40 bar to investigate the potential of the 

framework for high pressure separation processes and to determine the CO2/N2 

selectivities. 

The adsorption and desorption isotherms of CO2 and N2 are shown in Figure  3.33a and b, 

respectively. The adsorption capacities decreased with increasing temperatures, which was 

due to the physisorption of the adsorbates and is consistent with the results from the low 

pressure CO2 experiments. Therefore, MIL-101(Cr)-NH2 could potentially be used in a 

PSA or temperature swing adsorption (TSA) processes. The CO2 adsorption at 25 °C and 

15 bar was found to be 46.0 wt%, which is lower than the 73.94 wt% for MIL-101(Cr) 

[46]. The lower capacity is presumably due to the presence of the amine groups which 

results in a reduction of the pore volume. However, in comparison with other amine 

modified MOFs like MIL-53(Al)-NH2 (26 wt%, 30 °C) and MIL-101(Al)-NH2 (42 wt%), 

the adsorption capacity was higher. Recently Khutia et al. studied the CO2 adsorption in 

MIL-101(Cr)-NH2, which was prepared via postsynthetic modification of MIL-101(Cr) 

[33]. The material exhibited a CO2 adsorption capacity of 15.9 wt% at 1 bar and 20 °C, 

which was nearly twice as high as the adsorption capacity of 7.9 wt% at 1.2 bar and 25 °C 

in the pre-functionalized MOF studied here. This difference could presumably be due to 

structural differences between the two MOFs as a result of the different synthesis 

strategies. At temperatures up to 75 °C, no saturation of the MOF with either CO2 and N2 

was observed in the studied pressure range. 

The CO2/N2 selectivities at 25 to 105 °C as a function of pressure are shown in Figure 

 3.33c, as determined from the single component isotherms. With increasing pressure the 
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framework became less selective towards CO2. In contrast to this, a temperature rise 

caused an increase in selectivity. At pressures above 5 to 10 bar, depending on the 

temperature, the CO2/N2 selectivities remained constant. Furthermore, the selectivities 

were found to be ~9 at 25 °C, ~11 at 45 °C and ~ 15 at 105 °C. The value at 25 °C is 

slightly higher than the selectivity of ~8 reported MIL-101(Cr) synthesised in the presence 

of HF [46]. The relative scatter of the selectivities at lower pressures can be attributed to 

the higher inaccuracy of the measured adsorption capacities. The higher selectivities at 

lower pressure could be beneficial for post-combustion capture. However, future studies 

should focus on measuring binary gas adsorption using a gas mixture relevant to flue gas 

in order to get results that are more meaningful in an industrial context.  

 

 
Figure 3.33: (a) High pressure CO2 and (b) high pressure N2 adsorption isotherms on 

MIL-101(Cr)-NH2. (c) CO2/N2 selectivities calculated from the single component 

isotherms at 25 °C. (■), 45 °C (♦), 75 °C (▲) and 105 °C (●). (d) Isosteric heat of 

adsorption determined by fitting the Tóth isotherm model to the CO2 isotherms. 
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Figure  3.33d shows the isosteric heat of adsorption as a function of loading. The enthalpies 

were calculated using the Clausius Clapeyron equation. The Tóth isotherm model was 

fitted to the CO2 isotherms at 25, 45, 75 and 105 °C. At zero coverage the isosteric heat of 

adsorption was estimated to be 24±3 kJ mol
-1

, which was much lower than 37 kJ mol
-1

 

determined from the DTA data. Furthermore, the isosteric heat of adsorption was also 

lower than the value of 43 kJ mol
-1

 reported for MIL-101(Cr)-NH2, which was synthesised 

via PSM of MIL-101(Cr) [33]. A difference in heat of adsorption was expected due to the 

lower CO2 adsorption capacity. 

3.4.5 Conclusion 

In the present study, MIL-101(Cr)-NH2 was postsynthetically modified with a series of 

amines at various loadings. All materials were evaluated for their potential suitability for 

post-combustion capture using ten cycle experiments with and without 1 vol% H2O 

vapour. 

The incorporation of the amines was confirmed by elemental analysis, FTIR, helium 

density and N2 adsorption/desorption at -196 °C. Significant decreases in BET surface 

areas, pore volumes and crystallinities were observed as a result of the PSM of MIL-

101(Cr)-NH2.  

The improvement in CO2 adsorption capacity was strongly depending on the type of 

amine, the loading, the temperature and the pressure. With increasing PEI loading the 

optimum adsorption temperature was found to occur at higher temperatures due to faster 

kinetics at elevated temperatures. The most promising PSM material was MIL-101(Cr)-

NH2-DAB-AM-8-145, which showed higher adsorption capacities over the studied 

pressure and temperature range as well as comparable or slightly higher working capacities 

during the cycling experiments. On the other hand, ED and DETA modifications only 

resulted in small improvements in the adsorption capacities. To get a better understanding 

of the stability under wet cycling conditions additional characterisation techniques should 

be applied in the future (e.g. N2 adsorption/desorption at -196 °C after exposure to 1 vol% 

H2O). However, while the increase in cycling temperature might be beneficial for post-

combustion capture due to the potential decrease in gas handling costs, the incorporation 

of amines resulted in increased heats of adsorptions, which is disadvantageous. 

Furthermore, despite the improvements in CO2 adsorption capacities, the uptakes are still 

lower than in other adsorbent materials like MCF modified with linear PEI. 
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Due to the fact that the PSM materials almost reached saturation with CO2 at low 

pressures, only MIL-101(Cr)-NH2 was evaluated for high pressure CO2 capture. The CO2 

adsorption capacities measured in this work were compared with data reported for MIL-

101(Cr)-NH2. The results showed that higher adsorption capacities can be obtained in 

MIL-101(Cr)-NH2 obtained via PSM of MIL-101(Cr). Therefore improvements in the 

synthesis procedure of prefunctionalised MIL-101(Cr)-NH2 are necessary. 

Although these materials might not be attractive for post-combustion capture due to the 

relative low CO2 uptake during cyclic tests, improvements of the CO2 adsorption under 

certain conditions and improvements in the cycling temperature were achieved. 
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3.4.8 Thermal decomposition, PXRD and DTA profiles 

 

 
- MIL-101(Cr)-NH2 – PEI-68 – PEI-88 – PEI-130 – DAB-AM-8-145– ED-128                

– DETA-88  

Figure 3.34: (a) TGA decomposition profiles on MIL-10(Cr)-NH2 before and after PSM. 

(b) PXRD on MIL-101(Cr)-NH2 before and after PSM. For a better clarity of the results 

obtained, the intensities of the diffraction patterns of the amine modified materials were 

multiplied by 5. (c) DTA profiles of MIL-101(Cr)-NH2 before and after amine 

modification at 25 °C. 
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3.4.9 Comparison of PXRD results before and after wet cycling 

 

 

 
Figure 3.35: PXRD of MIL-101(Cr)-NH2 and its PEI and DAB-AM-8 modifications 

before (black) and after (blue) the wet cycling experiments. 
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Figure 3.36: PXRD of DETA and ED modified MIL-101(Cr)-NH2 before (black) and 

after (blue) the wet cycling experiments. 

 

0

100

200

300

400

500

600

2 6 10 14 18 22 26 30

In
te

n
si

ty
 /

 a
.u

. 

2 Theta / ° 

MIL-101(Cr)-NH2-DETA-88 

0

100

200

300

400

500

600

2 6 10 14 18 22 26 30

In
te

n
si

ty
 /

 a
.u

. 

2 Theta / ° 

MIL-101(Cr)-NH2-ED-128 



MOFs with coordinatively unsaturated sites for carbon capture 

162 

 

 

  



MOFs with coordinatively unsaturated sites for carbon capture 

163 

 

3.5 Postsynthetic modification of MIL-101(Al)-NH2 with amines and their 
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3.5.1 Abstract 

A series of polyethyleneimine (PEI), diethylenetriamine (DETA) and polypropyleneimine 

octamine dendrimer (DAB-AM-8) modified MIL-101(Al)-NH2 frameworks were 

synthesised and characterised via elemental analysis, N2 adsorption/desorption at -196 °C, 

helium density, PXRD, FTIR, SEM and thermal decomposition. The effect of the amines 

on the capture of CO2 was evaluated by performing low pressure CO2 (0-0.5 bar, 25-

105 °C) and ten cycle experiments (0.05-0.15 bar). While the postsynthetic modification 

(PSM) of MIL-101(Al)-NH2 with 96 wt% PEI resulted in an improvement of the CO2 

adsorption capacities during the low pressure CO2 adsorption, the PSM with 94 wt% of 

DAB-AM-8 or with 89 wt% DETA did not. A rise in adsorption temperature was found to 

be beneficial for achieving reasonable adsorption/desorption rates after the PSM. The 

working capacities during the dry and wet cycling experiments were decreased in the 

presence of DAB-AM-8, DETA and PEI compared to neat MIL-101(Al)-NH2. While all 

materials exhibited good regenerability under dry conditions, the presence of 1 vol% H2O 

vapour resulted in a decline in working capacities in the majority of the PSM materials. 

Due to the CO2 saturation of the PSM materials at low pressures, high pressure adsorption 

isotherms were only measured on MIL-101(Al)-NH2. The CO2 and N2 adsorption 

capacities were determined to be 58.37 wt% and 7.99 wt% at 25 °C and 40 bar, 

respectively. Despite the high hydrothermal stability of MIL-101(Cr), the sorption of 30 % 

relative humidity (RH) resulted in a decrease in CO2 adsorption capacity, which suggested 

a low H2O stability. 

3.5.2 Introduction 

Postsynthetic modification (PSM) of metal-organic frameworks (MOFs) has shown to be a 

powerful tool for the improvement of the CO2 adsorption capacities at low pressures and 
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the CO2/N2 selectivities [1-5]. The increase in the CO2 capacities at pressures relevant to 

post-combustion capture is necessary in order to make MOFs more competitive to other 

adsorbents such as amine modified siliceous materials or zeolites [6-10]. A number of 

studies are available that have focused on the grafting of amine groups onto coordinatively 

unsaturated sites (CUS).  

Demessence et al. reported the PSM of the Cu
II 

sites of H3[(Cu4Cl)3(BTTri)8] (H3BTTri= 

1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene) using ethylenediamine (ED). While a steep rise in 

CO2 adsorption capacity was observed at low pressure, the pore size of the parent material 

was found to be too small to permit complete access to the terminal alkylamines. 

Therefore, the grafting of ED led to higher CO2 adsorption capacities at pressures up to 

0.06 bar, but at 1 bar a decrease in the adsorption capacities from 14.3 wt% to 5.5 wt% 

was observed. In contrast to this, the CO2/N2 selectivities of the PSM material were 

improved over the entire pressure range [1]. 

The highest binding strength for CO2 (-96 kJ mol
-1

 at zero coverage) to date was reported 

for H3[(Cu4Cl)3(BTTri)8] functionalised with N,N’-dimethylethylenediamine. The cycling 

capacity under dry conditions (~7 wt%) was higher than the working capacity of 5.5 wt% 

in 30 % MEA solution [11]. 

Increased CO2 adsorption capacities (1.51 vs 1.35 mmol g
-1

 at room temperature and 

400 ppm CO2), improved stability and regenerability of CPO-27(Mg) containing ED have 

been reported by Choi et al. [5]. On the other hand, the incorporation of piperazine onto 

the Ni
II
 sites in CPO-27(Ni) caused a decrease in adsorption capacity from 25.5 wt% to 

14.1 wt% at 1 bar and 25 °C. However, the material exhibited an improved CO2/N2 

selectivity from 30 to 51 as well as a good stability and regenerability in a temperature 

swing process [12].  

The PSM of MIL-101(Cr) with a variety of amines has been studied extensively [2-4, 13, 

14]. An increase in CO2 adsorption capacity at pressures below 0.15 bar was observed 

after the modification with diethylenetriamine (DETA). However, the decrease in pore 

volume resulted in a decrease in uptake from 7.9 wt% to 3.1 wt% at 1 bar and 25 °C [3]. In 

contrast to this, the modification with pentaethylenehexamine (PEHA) increased the 

adsorption capacity from 3.74 to 5.72 wt% at 10 bar [4]. A high-performance sorbent for 

post-combustion capture was obtained by grafting PEI onto the Cr
III

 sites. PEI loadings of 
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50 to 160 wt% resulted in increases in CO2 capacities in the studied pressure range of 0 to 

1.8 bar [15]. 

In this work, MIL-101(Al)-NH2 was synthesised, characterised and postsynthetically 

modified. The framework consists of trimeric Al(III) octahedra which are connected by 2-

aminoterephthalic acid ligands to form a supertetrahedral building unit [16]. The 

supertetrahedra further assemble into a zeotypic MOF with two types of cages, a 

dodecahedral and a hexakadodecahedral cage, which are assessable through micorporous 

windows of 1.2 and 1.6 nm [16-19]. Within the supertetrahedral building unit two of the 

three Al(III) octahedra contain a terminal H2O molecule, which can be removed upon 

heating at 110 °C to give CUS.  

Serra Crespo et al. reported the applicability of MIL-101(Al)-NH2 for natural gas and 

biogas upgrading [16]. Although, MIL-101(Al)-NH2 was found to selectively adsorb CO2, 

no studies are available that focus on the utilisation of the MOF in post-combustion 

capture. Furthermore, the presence of CUS in the framework is attractive for PSM to 

improve the CO2 capacities and CO2/N2 selectivities especially at pressures relevant to 

post-combustion carbon capture (≤ 0.15 bar). Enhanced CO2 adsorption and working 

capacities were sought by PSM with DAB-AM-8, DETA and PEI. Two different loadings 

of PEI were studied and the most effective theoretical loading was determined to be 

100 wt%. The applicability for post-combustion capture was evaluated by low pressure 

CO2 sorption (0-0.5 bar, 25-105 °C) as well as dry and wet cycling experiments. Ten 

cycles of adsorption and desorption were conducted by varying the CO2 partial pressures 

between 0.05 and 0.15 bar, allowing 20 min for the equilibration of each adsorption and 

desorption step. Furthermore, the CO2/N2 selectivity and H2O stability of MIL-101(Al)-

NH2 were determined by high pressure CO2, N2 (0-40 bar) and H2O sorption. 

3.5.3 Experimental section 

3.5.3.1 Chemicals 

AlCl3·6H2O (99 % Sigma Aldrich), 2-aminoterephthalic acid (99 %, Sigma Aldrich), 

DAB-AM-8 (Sigma Aldrich), diethylenetriamine (99 %, Sigma Aldrich), DMF (GR grade, 

Merck), ethanol (≥ 99.7 %, Merck), methanol (≥ 99.8 %, Merck), PEI (423 g mol
-1

, 

mixture of branched and linear PEI, Aldrich), argon (high purity, BOC and Air Liquide), 

carbon dioxide (Food grade, Coregas), helium (high purity, Air Liquide), liquid nitrogen 

(BOC and Air Liquide) and nitrogen (high purity, Air Liquide). 
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 All reagents were used without further purification. 

3.5.3.2 Synthesis of MIL-101(Al)-NH2 

MIL-101(Al)-NH2 was synthesised by the following method adapted from Hartmann and 

Fischer [17]. In a typical synthesis, a solution of 0.27 g (1.50 mmol) of 2-

aminoterephthalic acid and 60 mL DMF was heated to 110 °C under stirring, after which 

0.72 g (3.00 mmol) of AlCl3·6H2O were added in seven equal portions allowing 15 min 

between each addition. After the last addition of the metal salt, the mixture was stirred for 

3 h, before the stirrer was switched off and the temperature was kept at 110 °C for another 

16 h. The yellow powder was filtered and washed with DMF and ethanol. The product was 

further activated by Soxhlet extraction with ethanol, before being dried at 90 °C for 24 h. 

3.5.3.3 Amine modification of MIL-101(Al)-NH2 

The PSM of MIL-101(Al)-NH2 with DAB-AM-8, DETA and PEI was performed via wet 

impregnation. The method applied in this work was akin to that reported for the 

modification of MIL-101(Cr) with PEI [2]. Before the PSM, MIL-101(Al)-NH2 was heated 

at 110 °C under vacuum overnight, removing the residual solvent and the coordinated H2O 

molecules. In a first step the amine was dispersed in 1 mL methanol and stirred for 

approximately 10 min under N2 atmosphere. 0.2 g of activated MOF was then added and 

the mixture was purged with N2 overnight. The amine modified materials were heated 

under vacuum at 110 °C. The loading of the sample was calculated using the following 

equation: 

𝐴𝑚𝑖𝑛𝑒 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =
𝑚𝑎𝑠𝑠𝑎𝑚𝑖𝑛𝑒

𝑚𝑎𝑠𝑠𝑀𝐼𝐿−101(𝐴𝑙)−𝑁𝐻2

× 100  (3.5) 

Table 3.7: Overview of the targeted loading and the actual loading after vacuum 

activation. 

Amine Theoretical loading / 

wt% 

Loading after evac / 

wt% 

Loading after evac / 

mol(amine)/mol(CUS) 

PEI 50 48 0.40 

PEI 100 96 0.80 

DAB-AM-8 100 94 0.43 

DETA 100 89 3.05 

An overview of the targeted loadings (in wt%) and the actual loadings after vacuum 

activation (in wt% and mol(amine)/mol(CUS)) is given in Table  3.7. Each sample is 
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denoted by three expressions connected by dashes in the following way. The first gives the 

MOF, which was always MIL-101(Al)-NH2, the second the amine loaded (PEI, DAB-AM-

8 or DETA) and the third the actual loading of amine after activation as wt% of the MOF 

weight before PSM, e.g. MIL-101(Al)-NH2-PEI-48. 

3.5.3.4 Characterisation of MIL-101(Al)-NH2 before and after PSM 

All samples were activated at 110 °C in a Micromeritics VacPrep 061 degasser overnight 

prior to the characterisation by N2 adsorption/desorption, helium density and SEM. 

The N2 adsorption and desorption experiments were carried out on a TriStar II 3020 gas 

sorption analyser from Micromeritics at -196 °C. The sample tubes containing 0.1 to 0.2 g 

of activated MOF were backfilled with helium and installed in the TriStar. The relative 

pressure range of 0.01 to 0.2 was used to estimate the BET surface areas of the materials. 

The total pore volume was determined at p/p0=0.99. 

Helium densities were obtained on the reactivated samples previously used for the N2 

adsorption/desorption measurements at -196 °C. The data was collected on an AccuPyc 

1340 from Micromeritics. 

SEM images before and after the PSM were recorded on a JEOL 7001F microscope using 

a magnification of 5 or 15kV.  

The following characterisation techniques were conducted on the as-synthesised materials. 

However, it should be noted that the synthesis procedure of the PSM materials included 

the activation under vacuum. 

The elemental composition of the materials was determined at the Campbell 

Microanalytical Laboratory at the University of Otago.  

Powder X-ray diffraction (PXRD) measurements before and after PSM as well as after the 

wet cycling experiments were conducted on a Bruker D8 Focus Bragg-Brentano powder 

X-ray diffractometer using Cu Kα radiation. The samples were mounted on a silicon low 

background sample holder using ethanol and the powder X-ray diffractograms were 

recorded in a 2θ-range of 1 to 30 °. 

Fourier transform infra-red (FTIR) spectroscopy was conducted on an Agilent Cary 630 

Diamond ATR in the spectral range of 4000 to 650 cm
-1

. 

Thermal decomposition of the materials was measured via thermogravimetric analysis 

(TGA) using a Setaram TAG 24-16 simultaneous symmetrical thermoanalyser. The 

samples were first heated to 110 °C under Ar atmosphere in order to remove any residual 
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moisture. After 30 min at 110 °C, the gas flow was changed from 100 vol% Ar to a 

50 vol% Ar and 50 vol% air mixture and the temperature was maintained for further 

30 min. The samples were then heated to 900 °C with a heating ramp of 10 °C min
-1

. After 

15 min at 900 °C the gas flow was changed from an Ar/air mixture to pure Ar. The 

temperature was then maintained for another 15 min, before the samples were cooled to 

20 °C. 

3.5.3.5 Low pressure gas sorption measurements on MIL-101(Al)-NH2 before and 

after PSM 

Low pressure CO2 adsorption/desorption was measured on a Setaram TAG 24-16 

simultaneous symmetrical thermoanalyser. Prior to the experiment all samples were 

activated under vacuum at 110 °C overnight. Approximately 20 mg of sample was used for 

each experiment. The samples were first heated to 110 °C under flowing Ar for 1 h. The 

samples were then cooled until the desired sorption temperature (25, 45, 75 and 105 °C) 

was reached. After approximately 35 min at the sorption temperature, the gas composition 

was changed from 100 vol% Ar to an Ar/CO2 mixture. The CO2 partial pressure was 

increased in five steps (0.02, 0.05, 0.15, 0.3, 0.5 bar), before CO2 was desorbed by 

reducing the pressure in reverse order to 0 bar. The equilibration time for each adsorption 

and desorption step was set to 20 min. The adsorption and desorption points determined 

during this sequence were compiled to provide a “pseudo-isotherm”. After the last 

desorption step the samples were reactivated under Ar at 110 °C for 30 min. The recorded 

DTA signals were analysed and where possible the heats of adsorption calculated. 

3.5.3.6 Cycling experiments on MIL-101(Al)-NH2 before and after PSM 

The dry and wet cycling experiments were performed on the vacuum activated samples 

(110 °C, overnight) using a Setaram TAG 24-16 simultaneous symmetrical 

thermoanalyser. After the in-situ activation of the samples (1 h at 110 °C under flowing 

Ar), they were cooled to 25 °C (MIL-101(Al)-NH2) or 105 °C (PSM materials) under Ar 

atmosphere. Under dry cycling conditions, the Ar gas stream was replaced by an Ar/CO2 

mixture approximately 40 min after reaching the sorption temperature. In contrast to this, 

the materials were treated with 1 vol% H2O vapour using an Ar/H2O mixture for 

approximately 7 h in the wet cycling experiments. After saturation with H2O vapour was 

reached, the gas mixture was changed to Ar/CO2/H2O. The CO2 partial pressure was then 

varied between 0.05 and 0.15 bar until 10 cycles of adsorption and desorption were 
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conducted. An equilibration time of 20 min was allowed for each adsorption and 

desorption step. After the 10 cycles were performed, the gas flow was set to pure Ar and 

the samples were reactivated at 110 °C for 30 min. 

3.5.3.7 High pressure gas sorption on MIL-101(Al)-NH2 

Two sets of high pressure adsorption/desorption measurements were conducted on MIL-

101(Al)-NH2.  

The first set of experiments were carried out using a HPVA 200 (Micromeritics) 

Approximately 0.3 g of MOF were activated under vacuum at 110 °C overnight. The 

sorption experiments using either CO2 or N2 were conducted in the pressure range of 0 to 

40 bar. In the case of CO2, the isotherms were measured at 25, 45, 75 and 105 °C. The heat 

of adsorption was calculated by using the Clausius-Clapeyron equation. The Tóth isotherm 

model was fitted to the adsorption isotherm at 25, 45 and 105 °C to determine the heat of 

adsorption as a function of loading [20]. N2 isotherms were only measured at 25 and 

105 °C. All isotherms were obtained on a single sample. Between each isotherm, the 

sample was activated under vacuum at 110 °C. 

The hydrothermal stability of the framework was determined by measuring CO2 isotherms 

before and after the treatment of the sample with 30 % relative humidity (RH) using an 

Intelligent Gravimetric Analyser (IGA-1 series, Hiden Analytical Ltd.). Prior to the 

analysis, the sample was activated under vacuum at 110 °C overnight in the VacPrep 061 

(Micromeritics). Approximately 0.03 g of MOF were installed into the IGA. The sample 

was treated under vacuum at 25 °C until no further weight changes were observed. The 

CO2 isotherms were measured at 25 °C up to 5 bar and the isotherms before and after H2O 

adsorption/desorption (30 % relative humidity (RH)) were compared to determine the H2O 

stability of the material. The equilibration time for each adsorption/desorption step ranged 

from 15 to 30 min for CO2 and from 10 to 40 min for H2O. The sample was re-evacuated 

after each run at 25 °C until the initial sample weight was reached. 

3.5.4 Results and discussion 

3.5.4.1 Characterisation of MIL-101(Al)-NH2 before and after PSM 

MIL-101(Al)-NH2 and its modifications were characterised via N2 adsorption/desorption at 

-196 °C, elemental analysis, helium density, PXRD, FTIR, SEM and TGA in order to 
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validate the structure of the framework and to determine the impact of DAB-AM-8, DETA 

and PEI. 

The N2 physisorption isotherms at -196 °C are shown in Figure  3.37. The well-known 

characteristic steps in the isotherm, typical for MIL-100 and MIL-101 frameworks, were 

observed [16, 17, 19, 21-23]. Before N2 was adsorbed into the larger cavities at a relative 

pressure higher than 0.2, the supertetrahedra and later the medium cavities were filled [21]. 

In contrast to the isotherm data reported by Serra-Crespo et al. [16], a hysteresis loop was 

observed in this work. One possible explanation for this is a smaller particle size of MIL-

101(Al)-NH2 prepared in this work, such that hysteresis results from pore space within 

agglomerates of the smaller particles. Similar results have been reported for nanoparticles 

of MIL-101(Cr)-NH2 [24]. Upon DETA and PEI modification the isotherm shape changed 

from an H4 isotherm to type II, which is characteristic for non-porous materials. This 

result is consistent with pore filling by the incorporated amines. The N2 isotherm of the 

DAB-AM-8 modified MOF showed a type III isotherm due to the weak adsorbent-

adsorbate interactions.  

 
- MIL-101(Al)-NH2 – PEI-48 – PEI-96 – DAB-AM-8-94 – DETA-89  

Figure 3.37: N2 isotherms measured at -196 °C on MIL-101(Al)-NH2 before and after 

PSM. The right graph expands the isotherms of the amine modified materials for a better 

comparison. 

A comparison of the BET surface areas and total pore volumes of MIL-101(Al)-NH2 

before and after PSM is given in Table  3.8. The calculated BET surface area for MIL-

101(Al)-NH2 was higher than the value of 2100 m
2
 g

-1
 reported by Serra-Crespo et al. [16], 

but lower than the 3090 m
2
 g

-1
 determined by Hartmann and co-worker [17]. Differences 
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in BET surface areas can be a result of lower/higher crystallinities, different purities and 

different relative pressure ranges used for their estimation. For instance Serra Crespo et al. 

calculated the BET surface area at relative pressures between 0.05 and 0.15, but Hartmann 

et al. did not state the relative pressure range in which the surface area was estimated. This 

is a common problem and suggests the need of a standardised protocol to provide a better 

comparison between different publications. The incorporation of DAB-AM-8, DETA and 

PEI resulted in a reduction of the BET surface areas and pore volumes due to the increased 

space demand of the amines. The maximum possible amine loadings of DAB-AM-8 

(156 wt%), DETA (161 wt%) and PEI (145 wt%) were calculated by dividing the total 

pore volume of MIL-101(Al)-NH2 with the densities from DAB-AM-8 (0.99 g cm
-3

) [25], 

DETA (0.96 g cm
-3

) [26] and PEI (1.07 g cm
-3

) [27]. These loadings were expected to 

result in a complete pore filling, hence pore blockage. Therefore, the maximum amine 

loading applied in this work was reduced to 100 wt%. Even so, the significant reductions 

in BET surface areas and pore volumes after the incorporation of DAB-AM-8, DETA and 

PEI indicate that the pores were almost completely filled. 

Table 3.8: Elemental composition, BET surface area and total pore volume of MIL-

101(Al)-NH2 and its modifications. 

MOF %C %H %N %Cl BET 

surface 

area /  

m
2
 g

-1
 

Total 

pore 

volume/ 

cm
3
 g

-1
 

He 

density / 

g cm
-3

 

MIL-101(Al)-

NH2 

32.31 

±0.27 

3.93 

±0.25 

4.48 

±0.16 

3.51 

±0.28 

2649 1.55 1.5804 

±0.0029 

PEI-48 40.21 

±0.34 

6.05 

±0.26 

13.56 

±0.39 

2.25 

±0.36 

33 0.19 -
* 

PEI-96 40.92 

±0.30 

6.73 

±0.28 

15.58 

±0.20 

1.74 

±0.26 

34 0.16 1.3234 

±0.0027 

DAB-AM-8-94 39.04 

±1.07 

7.37 

±0.17 

11.23 

±0.16 

- 1.5 0.003 1.3187 

±0.0016 

DETA-89 37.22 

±0.35 

6.44 

±0.24 

14.42 

±0.16 

- 1.2 0.02 1.4474 

±0.0025 

*
insufficient sample amount for analyses  

The theoretical elemental composition of MIL-101(Al)-NH2 was calculated from the 

empirical formula Al3OCl(H2O)2[BDC-NH2]3 to yield 40.84% C, 2.71 % H, 5.95 % N and 

5.02 % Cl. The comparison with the experimental data indicates the presence of 
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approximately 11 lattice H2O molecules in the framework structure. The PSM of MIL-

101(Al)-NH2 resulted in higher carbon, hydrogen and nitrogen contents, consistent with 

the incorporation of the amines. As expected an increase in PEI loading caused an increase 

of the nitrogen content.  

The helium densities were reduced after the PSM, which was expected due to the lower 

densities of the neat amines, and confirm the successful PSM of MIL-101(Al)-NH2.  

The comparison of the FTIR spectra before and after the PSM of MIL-101(Al)-NH2 is 

shown in Figure  3.38a. The incorporation of the amines was confirmed by the increase in 

the bands at 3469 cm
-1 

and 3361 cm
-1

 corresponding to the asymmetric and the symmetric 

stretch of the amine moieties, respectively [16]. Furthermore, a shift of these absorption 

modes towards lower wavenumbers was observed, consistent with those of the neat amines 

(not shown here). This observation was also reported after the PSM of MIL-101(Cr)-NH2 

[28]. The presence of methylene groups in the neat amines, resulted in the presence of an 

additional doublet at 2940 cm
-1

 (asymmetric CH2 stretch) and 2835 cm
-1

 (symmetric CH2 

stretch) [3]. Additionally, a change in the absorption for the symmetric (1576 cm
-1

) and 

asymmetric (1442 cm
-1

) C-O stretch [29] as well as the O-C-O stretch (1393 cm
-1

) [30], 

which were all shifted after PSM. These changes in frequencies are presumably due to the 

coordination of the amines onto the CUS in MIL-101(Al)-NH2. 

 
- MIL-101(Al)-NH2 – PEI-48– PEI-96 – DAB-AM-8-94 – DETA-89 

Figure 3.38: (a) FTIR spectra and (b) PXRD of MIL-101(Al)-NH2 before and after PSM. 

The structural integrity of MIL-101(Al)-NH2 before and after the PSM was determined by 

PXRD (Figure  3.38b). The formation of the MIL-101 framework was confirmed by the 

6001450230031504000

T
ra

n
sm

is
si

o
n

/ 
%

 

Wavenumber / cm-1 

3469 3361 

2835 2940 

1393 

1576 

(a) 

0

250

500

750

1000

1250

1500

2 6 10 14 18 22 26 30

In
te

n
si

ty
 /

 a
.u

. 

2 Theta / ° (b) 



MOFs with coordinatively unsaturated sites for carbon capture 

173 

 

comparison with the theoretical diffractogram of MIL-101(Cr) [31], which was calculated 

from the crystal structure using Materials Studio [32] (Figure 3.47). Significant decreases 

in crystallinity were observed after the PSM with DAB-AM-8, DETA and PEI. However, 

we hypothesize that the framework structure was still intact and that the apparent loss in 

intensity is an effect of pore filling by the amines. The deterioration of the intensities after 

PEI modification was also reported for MIL-101(Cr) and SBA-15 [2, 33]. 

The thermal decomposition profile of MIL-101(Al)-NH2 is shown in the supplementary 

information (Figure 3.48a). After the loss of physisorbed H2O up to 110 °C, the weight 

decreased at a constant rate up to 380 °C and then the rate of weight loss increased. Earlier 

work has taken the temperature at which the rate of weight loss increased as the 

decomposition temperature and the temperature of 380 °C deduced from Figure 3.48 is 

consistent with the decomposition temperature of 377 °C reported by Serra-Crespo et al. 

[16]. The weight became constant at 785 °C, implying total decomposition of the 

framework at this temperature. Serra-Crespo et al. found that the weight became constant 

at the much lower temperature of ~525 °C, suggesting that decomposition of the 

framework occurred at a lower temperature than that found in this work [16]. The reason 

for this difference is probably due to differences in the gas composition used for the 

combustion. The use of the Ar/air mixture in this work has probably resulted in a slower 

combustion of the material than would occur with the application of pure air. The 

combustion of the PSM materials was conducted in the same manner as for MIL-101(Al)-

NH2. Between 70 and 110 °C, the PSM materials exhibited a weight loss of 1 wt% (MIL-

101(Al)-NH2-PEI-96) to 6 wt% (MIL-101(Al)-NH2-PEI-48), consistent with the loss of 

physisorbed H2O. A second weight loss was observed between approximately 190 and 

260 °C for the PEI and DAB-AM-8 modified samples and between approximately 160 and 

300 °C for MIL-101(Al)-NH2-DETA-89. This weight loss is presumably due to the loss of 

the amines. The TGA profiles show that the decomposition progressed at relatively low 

temperatures for the DAB-AM-8 (T=260-720 °C) and PEI modified materials (T=260-

670 °C), while for MIL-101(Al)-NH2-DETA-89 the decomposition progressed more 

slowly (T=300-800 °C).  
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Figure 3.39: SEM images of (a) MIL-101(Al)-NH2, (b) MIL-101(Al)-NH2-PEI-48, (c) 

MIL-101(Al)-NH2-PEI-96, (d) MIL-101(Al)-NH2-DAB-AM-8-94 and (e) MIL-101(Al)-

NH2-DETA-89. 

SEM images (Figure  3.39) of MIL-101(Al)-NH2 and its modifications were recorded to 

determine the impact of the incorporated amines on the morphology. The smallest particles 

of MIL-101(Al)-NH2 are approximately 200 nm in diameter with multiple faces. This is 

consistent with SEM images of MIL-101(Al)-NH2 reported in the literature [34]. The 

expected octahedral morphology of MIL-101 [2, 35, 36] was not observed, perhaps due to 

the small particle size of the material that was recovered or perhaps due to the 2-

aminoterephthalic acid. This observation was also reported for MIL-101(Cr)-NH2, in 

which the incorporation of varying amounts of the amine modified ligand resulted in 

(a) (b) 

(c) (d) 

(e) 



MOFs with coordinatively unsaturated sites for carbon capture 

175 

 

changes in crystallinities and morphologies [36]. Férey’s group also observed that, the 

higher amounts of 2-aminoterephthalic acid in MIL-101(Cr) tended to lower the 

crystallinity resulting in less defined morphologies [23]. In order to test this hypothesis, it 

would be interesting to prepare MIL-101(Al) using a mixture of 2-aminoterephthalic acid 

and terephthalic acid. However, this could be challenging as the synthesis of MIL-101(Al) 

has not yet been reported. The PSM with DAB-AM-8 and DETA resulted in the coating of 

the MOF, which was more pronounced in MIL-101(Al)-NH2-DAB-AM-8-94. These 

results are consistent with the very low total pore volumes of the DAB-AM-8 and DETA 

modified samples. In contrast to this, the PSM with PEI and the different PEI loadings had 

no obvious impact on the morphology.  

3.5.4.2 Low pressure gas sorption measurements on MIL-101(Al)-NH2 before and 

after PSM 

Low pressure CO2 adsorption and desorption pseudo-isotherms (determined as described 

in Section 3.5.3.5) were measured at 25, 45, 75 and 105 °C in the pressure range of 0 to 

0.5 bar. Prior to the sorption experiments, the samples were activated under vacuum at 

110 °C overnight in order to remove any residual moisture. From these experiments, the 

effect of (a) PEI loading and (b) the nature of the amines on the CO2 adsorption capacity 

and the adsorption/desorption kinetics were investigated.  

3.5.4.2.1 MIL-101(Al)-NH2 before PSM 

The CO2 pseudo-isotherms of MIL-101(Al)-NH2 at 25, 45, 75 and 105 °C are shown in 

Figure  3.40. Increasing the temperature resulted in a decrease in CO2 adsorption capacity 

consistent with the expected behaviour for classical adsorption, where the higher kinetic 

energy at higher temperatures leads to a reduction in the equilibrium concentration of 

adsorbed species. The CO2 adsorption capacity of 1.66 wt% (0.13 mol(CO2)/mol(CUS)) at 

25 °C and 0.15 bar is higher than those reported for MOF-5 (0.75 wt%) [37], MOF-177 

(~0.70 wt%) [38] and MIL-101(Cr) (1.41 wt%) [2], but lower than those of MOF-74(Mg) 

(25.83 wt%) [38], NaX (13.38 wt%)[39] and CuBTTri (3.08 wt%) [1]. The working 

capacity (=difference in CO2 adsorption capacity between 0.05 and 0.15 bar) was 

determined to be 0.89 wt% at 25 °C. CO2 saturation was not achieved in the studied 

pressure range at all temperatures, which suggests that the material can be applied for high 

pressure CO2 adsorption/desorption. At 25 and 45 °C the adsorption of CO2 was 

completely reversible, but at 75 and 105 °C a slight hysteresis in the pseudo-isotherms was 
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observed. The presence of the hysteresis is regarded as an artefact due to imperfect 

baseline correction, especially at 75 °C. The apparent zero uptakes up to 0.15 bar at 105 °C 

are potentially due to the low weight changes, which are at the limits of the TG resolution. 

The heat of adsorption was calculated from the DTA signal (Figure 3.48b) at 25 °C (CO2 

partial pressure=0.2 bar; t=10 min after increasing the CO2 partial pressure). This time was 

chosen as the majority of CO2 was adsorbed in MIL-101(Al)-NH2. The heat of adsorption 

was determined to be 43 kJ mol
-1

, which indicates a moderate initial interaction between 

CO2 and the CUS [12]. The adsorption enthalpy is higher than the 22 kJ mol
-1

 (determined 

from the high pressure (0-30 bar) CO2 isotherms via single site Langmuir isotherm fit) by 

Serra Crespo et al. [16], which suggests the physisorption of CO2 rather than 

chemisorption. However, the heat of adsorption determined here is comparable to the heat 

of adsorption of 43 kJ mol
-1

 at zero coverage reported for MIL-101(Cr)-NH2 [40]. 

3.5.4.2.2 Effect of PEI loading 

A comparison of the CO2 adsorption/desorption pseudo-isotherms of MIL-101(Al)-NH2, 

neat PEI and the modified PEI frameworks is shown in Figure  3.40.  

Neat PEI exhibited almost no CO2 adsorption (0.35 wt% at 0.5 bar) at 25 °C. As 

temperature rises, the CO2 adsorption in the neat PEI increases, consistent with the higher 

mobility and CO2 diffusivity at higher temperatures. The adsorption of CO2 appears 

irreversible over the timescale of the experiments at all temperatures, due to the strong 

chemisorption of CO2 on the amine sites of neat PEI. Upon lowering the partial pressure 

an apparent increase in CO2 adsorption capacity is still observed. This can be explained as 

being due to slow sorption kinetics over the timescale of the experiment (discussed below 

in Section 3.5.4.2.4). While at 25 and 45 °C, no CO2 was desorbed, increasing the 

temperature resulted in a partial desorption of CO2 at low partial pressures (<0.05 bar). 

This is consistent with the increase in sorption kinetics due to the higher mobility of neat 

PEI at higher temperatures.  

The adsorption capacities of MIL-101(Al)-NH2-PEI-48 were decreasing with increasing 

temperature, consistent with the expected behaviour for classical adsorption as discussed 

for MIL-101(Al)-NH2. One exception to this was the CO2 adsorption capacity at 45 °C, 

which exhibited comparable adsorption capacities to those observed at 25 °C. This result is 

consistent with the slower adsorption kinetics at low temperatures. Improved CO2 
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adsorption capacities compared to neat PEI and MIL-101(Al)-NH2 were obtained at 25 °C 

up to approximately 0.25 bar and over the entire studied pressure range at 45 °C. However, 

the neat PEI exhibited higher CO2 adsorption capacities at 75 and 105 °C. This is 

consistent with the higher volumetric density of amine sites in neat PEI and the higher 

mobility of the amine at elevated temperatures. The CO2 adsorption was irreversible at all 

temperatures, which suggests that CO2 is chemisorbed in MIL-101(Al)-NH2-PEI-48. In 

contrast to neat PEI, no progressive adsorption of CO2 was observed upon lowering the 

partial CO2 pressure. This result suggests that the kinetics are faster than for neat PEI. 

Over the entire studied pressure range CO2 was partially desorbed at low CO2 partial 

pressures (<0.05 bar), which supports the hypothesis that CO2 is chemisorbed. 

 
- MIL-101(Al)-NH2 – PEI-48– PEI-96 – PEI 

Figure 3.40: Comparison of CO2 pseudo-isotherms of MIL-101(Al)-NH2 and its PEI 

modifications with neat PEI at 25 °C (■), 45 °C (♦), 75 °C (▲) and 105 °C (●).Closed 

symbols (■) and open symbols (□) represent the adsorption and desorption of CO2, 

respectively. 
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Increasing the PEI loading from 48 to 96 wt% resulted in an increase in CO2 adsorption 

capacity. Furthermore, the comparison with the pseudo-isotherms of neat PEI and MIL-

101(Al)-NH2 reveal that an improvement in CO2 adsorption capacity was achieved over 

the entire pressure and temperature range. In contrast to MIL-101(Al)-NH2 and MIL-

101(Al)-NH2-PEI-48, the amount of CO2 adsorbed increased with temperature up to 75 °C. 

At these temperatures equilibrium adsorption is never achieved. This result is consistent 

with the very slow and incomplete penetration of CO2 on the timescale of the experiment. 

At 105 °C a reduction in equilibrium concentration of adsorbed species was observed, but 

at the same time CO2 can penetrate more quickly and effectively due to the increase in the 

mobility of PEI. Lowering the CO2 partial pressure to 0.3 bar at 25 °C led to a progressive 

adsorption as was observed for neat PEI, but at higher temperatures this was not the case. 

This is consistent with the increase in adsorption/desorption kinetics with the rise in 

temperature. The hysteresis in the pseudo-isotherms and the partial desorption of CO2 

suggest that the adsorption of CO2 is occurring via chemisorption rather than 

physisorption. 

In order to verify the change in adsorption mechanism, the DTA signals of the adsorption 

at 25 °C were analysed (Figure 3.48b). The heats of adsorption were determined to be 

71 kJ mol
-1

 and 67 kJ mol
-1

 for MIL-101(Al)-NH2-PEI-48 and MIL-101(Al)-NH2-PEI-96, 

respectively. These values are much higher than the 43 kJ mol
-1

 calculated for MIL-

101(Al)-NH2 and suggest that CO2 was chemisorbed. This is in good agreement with the 

observations from the pseudo-adsorption isotherms. Although, the DTA results give a 

good indication of the adsorption mechanism, the comparatively low adsorption capacities 

represent a challenge for obtaining accurate results. Drifts in the baseline and the 

interference of background noise may result in an under-and/or overestimation of the 

enthalpies. 

3.5.4.2.3 Effect of DAB-AM-8 and DETA 

Due to the better performance of MIL-101(Al)-NH2-PEI-96 over the entire pressure and 

temperature range, the theoretical loading of DAB-AM-8 and DETA was chosen to be 

100 wt%. The low pressure CO2 pseudo-isotherms of MIL-101(Al)-NH2 before and after 

modification with DAB-AM-8 and DETA as well as of neat DAB-AM-8 and DEAT are 

shown in Figure  3.41.  
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The pseudo-isotherms of neat DAB-AM-8 were only measured at 75 and 105 °C, due to 

the low CO2 adsorption capacities at 75 °C (0.60 wt% at 0.5 bar). Increasing the 

temperature to 105 °C led to a rise in CO2 adsorption capacity (2.32 wt% at 0.5 bar), 

consistent with the higher mobility of DAB-AM-8 and the better CO2 diffusivity at higher 

temperatures. At both temperatures, a progressive adsorption of CO2 was observed upon 

lowering the partial pressure to 0.05 bar, followed by a partial desorption. This result is 

consistent with the strong chemisorption of CO2 as explained for neat PEI.  

Impregnating MIL-101(Al)-NH2 with DAB-AM-8 resulted in a decrease in CO2 

adsorption capacities relative to MIL-101(Al)-NH2 at 25, 45 and 75 °C, but at 105 °C the 

CO2 adsorption capacities were higher than for the neat MOF. However, neat DAB-AM-8 

exhibited higher CO2 adsorption capacities than the modified MOF since the neat amine 

contains more amine sites that can bind CO2. A rise in temperature from 25 to 105 °C 

resulted in an increase in CO2 adsorption capacities. This result is consistent with the faster 

penetration of CO2 due to the higher mobility of DAB-AM-8. The irreversible adsorption 

of CO2 over the entire studied temperature range suggests that CO2 was chemisorbed. The 

CO2 adsorption capacities of MIL-101(Al)-NH2-DAB-AM-8-94 are lower than those 

observed for MIL-101(Al)-NH2-PEI-48 and MIL-101(Al)-NH2-PEI-94. These results 

together with the low pore volume (Table  3.8) suggest that a decrease in DAB-AM-8 

loading might be required to achieve an improvement in the low pressure CO2 adsorption. 

The pseudo-isotherms of neat DETA were measured at 25, 45 and 75 °C. In contrast to 

neat PEI and neat DAB-AM-8, the neat amine exhibits high CO2 uptakes over the entire 

temperature range studied. An increase in CO2 adsorption capacity with increasing 

temperature was observed, consistent with the higher mobility of DETA and the higher 

CO2 diffusivity at higher temperatures. Progressive adsorption upon lowering the pressure 

was observed at all three temperatures, but a partial desorption was only observed at 

75 °C. This is consistent with the improvement in sorption kinetics at higher temperatures 

(see Section 3.5.4.2.4).  

MIL-101(Al)-NH2-DETA-89 exhibited comparable CO2 adsorption capacities over the 

entire temperature and pressure range studied. The CO2 adsorption was irreversible at all 

temperatures, but the amount desorbed increased with a rise in temperature. This result 

suggests that CO2 is chemisorbed and that the adsorption/desorption kinetics are faster at 

higher temperatures. The comparison of the pseudo-isotherms of MIL-101(Al)-NH2-
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DETA-89 with those of MIL-101(Al)-NH2 reveal that improved CO2 adsorption capacities 

were only achieved at 105 °C. However, neat DETA performed much better at 25 to 

75 °C. Although the CO2 pseudo-isotherm of neat DETA was not measured at 105 °C, it is 

expected that the equilibrium CO2 adsorption would be higher than 16.24 wt% (75 °C, 

0.5 bar) seeing that there was an increase in CO2 adsorption capacity during the desorption 

of CO2 at 75 °C. These results suggest that, improvements of the CO2 adsorption capacities 

via DETA modification are limited. 

 

 
- MIL-101(Al)-NH2 – DAB-AM-8-94 – DETA-89 – DAB-AM-8 – DETA 

Figure 3.41: CO2 pseudo-isotherms on MIL-101(Al)-NH2 before and after modification 

with DAB-AM-8 and DETA in comparison with the neat amines at 25 °C (■), 45 °C (♦), 

75 °C (▲) and 105 °C (●).Closed symbols (■) and open symbols (□) represent the 

adsorption and desorption of CO2, respectively. 

0

1

2

3

4

5

6

7

8

0 0.1 0.2 0.3 0.4 0.5

C
O

2
 a

d
so

rb
ed

/d
es

o
rb

ed
 /

 w
t%

 

Pressure / bar 

25 °C   

0

2

4

6

8

10

12

0 0.1 0.2 0.3 0.4 0.5

C
O

2
 a

d
so

rb
ed

/d
es

o
rb

ed
 /

 w
t%

 

Pressure / bar 

45 °C 

0

2

4

6

8

10

12

14

16

18

0 0.1 0.2 0.3 0.4 0.5C
O

2
 a

d
so

rb
ed

/d
es

o
rb

ed
 /

 w
t%

 

Pressure / bar 

75 °C 

0

0.5

1

1.5

2

2.5

3

0 0.1 0.2 0.3 0.4 0.5C
O

2
 a

d
so

rb
ed

/d
es

o
rb

ed
 /

 w
t%

 

Pressure / bar 

105 °C 



MOFs with coordinatively unsaturated sites for carbon capture 

181 

 

The DTA profiles at 25 °C are shown in the supplementary information (Figure 3.48b). 

However, due to the low adsorption capacities of the DAB-AM-8 and DETA modified 

frameworks, the heats of adsorption could not be reliably determined. 

The PEI modified frameworks exhibited higher CO2 adsorption capacities than MIL-

101(Al)-NH2-DETA-89, over the entire pressure and temperature range. The CO2 

adsorption capacities of MIL-101(Al)-NH2-DETA-89 are comparable to those of MIL-

101(Al)-NH2-DAB-AM-8-94 at 25 to 75 °C, but are lower at 105 °C. 

3.5.4.2.4 Effect of different amines on the sorption kinetics 

The TGA profiles of MIL-101(Al)-NH2 before and after PSM are compared to the profiles 

of the neat amines (Figure  3.42 and Figure  3.43). A clearly defined stepwise profile is 

indicative for good adsorption/desorption kinetics. That would enable the material to 

adsorb and desorb CO2 in a cycling process. 

The results show that MIL-101(Al)-NH2 exhibited fast kinetics over the entire studied 

temperature range. For this reason the cycling experiments discussed in the following 

section were conducted at 25 °C.  

At pressures below 0.2 bar, the neat amines exhibited an initial rapid uptake of CO2, after 

which the CO2 sorption becomes slower. However, the TGA profiles of DAB-AM-8 and 

PEI show a slower uptake of CO2 at 105 °C than at 75 °C. Additionally, equilibrium 

adsorption/desorption was not observed during the 20 min after each pressure increase or 

decrease. These results indicate that the CO2 adsorption/desorption kinetics decrease with 

increasing number of amine groups. Equilibrium adsorption and desorption after each 

pressure increase or decrease might be achieved if the equilibration times are extended. As 

discussed for the pseudo-isotherms of the neat amines, very little desorption of CO2 was 

observed upon lowering the pressure. Heating the neat amines to 90 °C (DETA) or 110 °C 

(DAB-AM-8, DETA) under flowing Ar resulted in an increase of the amount of CO2 

desorbed. For instance, the sorption of CO2 at 25°C and the subsequent heating in flowing 

Ar resulted in a complete desorption of CO2 from DETA and PEI. In contrast to this, some 

CO2 was retained after the sorption at higher temperatures (45, 75 or 105) and the 

subsequent heating under Ar atmosphere. It was found, that the higher the sorption 

temperature and therefore the CO2 uptake, the more CO2 was retained. Extending the time 
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of the final heating step will potentially result in a complete desorption even at the higher 

sorption temperatures. 

 

 
Figure 3.42: CO2 sorption TGA profiles of MIL-101(Al)-NH2, its PEI modifications and 

neat PEI at 25 °C (black), 45 °C (red), 75 °C (blue) and 105 °C (green). 
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Figure 3.43: CO2 sorption TGA profiles of MIL-101(Al)-NH2-DETA-89, MIL-101(Al)-

NH2-DAB-AM-8-94, DETA and DAB-AM-8 at 25 °C (black), 45 °C (red), 75 °C (blue) 

and 105 °C (green).  

The incorporation of DAB-AM-8, DETA and PEI in MIL-101(Al)-NH2 led to a decrease 

in the kinetics at temperatures between 25 °C to 75 °C compared to the neat MOF, which 

was observed in the progressive adsorption of CO2 during the 20 min allowed after each 

CO2 pressure increase/decrease, hence equilibrium adsorption was not achieved. This 

result suggests that these materials will not perform well in a cycling process at low 

temperatures. While an extension of the equilibration times (> 20 min) is projected to 

result in a more stepwise profile, the increase in time is disadvantageous for industrial 

applications. For this reason the cycling experiments on the amine modified materials were 

performed at 105 °C. The noise in the TGA profiles of MIL-101(Al)-NH2-DETA-89 and 

MIL-101(Al)-NH2-DAB-AM-8-94 at 25 °C are due to the low CO2 adsorption capacities 
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and the imperfect baseline correction. Even at higher temperatures these materials did not 

completely reach equilibrium during the adsorption steps.  

3.5.4.3 Cycling experiments on MIL-101(Al)-NH2 before and after PSM 

Cycling experiments under dry and wet (1 vol% H2O) conditions were conducted to 

investigate the effect of DAB-AM-8, DETA and PEI on the CO2 working capacity, 

regenerability and H2O stability of MIL-101(Al)-NH2. The cycling experiments were 

conducted at 25 °C (MIL-101(Al)-NH2) or at 105 °C (PSM materials). The results of the 

cycling experiments are show in Figure  3.44. The timescale shown for the dry cycling 

profiles includes the initial activation of the samples (between -155 and approximately       

-55 min, Ar atmosphere), the cooling step (between -55 and -20 min, Ar atmosphere) and 

the equilibration step (between -20 and 0 min, Ar atmosphere) prior to the ten cycles of 

adsorption and desorption (t=0-420 min, Ar/CO2), the subsequent equilibration step 

(t=420-460 min, Ar atmosphere) at 25 or 105 °C and the regeneration step (t>460 min, Ar 

atmosphere). 

Figure  3.44a shows that under dry conditions, equilibrium was achieved in MIL-101(Al)-

NH2 and MIL-101(Al)-NH2-DETA-89. In all other cases, a progressive increase in the 

mass during the adsorption steps was observed. Furthermore the modification with DAB-

AM-8 resulted in a progressive adsorption over the timescale of the cycling experiment so 

that equilibrium adsorption was not achieved, as a result of the relatively slow 

adsorption/desorption kinetics discussed above. The additional mass loss after the final 

heating period (t=500 min) in MIL-101(Al)-NH2 is believed to be due to the loss of 

additional moisture as a result of the insufficient activation time at the start of the 

experiment. 

A comparison of the working capacities under dry conditions is shown in Figure  3.44c. 

The PSM of MIL-101(Al)-NH2 clearly resulted in a decrease in working capacities in the 

order MIL-101(Al)-NH2 (0.94 wt%, 25 °C) > MIL-101(Al)-NH2-PEI-96 (0.49 wt%) > 

MIL-101(Al)-NH2-DAB-AM-8-94 (0.36 wt%) > MIL-101(Al)-NH2-PEI-48 (0.26 wt%) > 

MIL-101(Al)-NH2-DETA-89 (0.11 wt%). Thus, despite the higher CO2 adsorption 

capacities of the PEI-96 sample during the low pressure sorption experiments over the 

entire pressure range (0-0.5 bar), the working capacities during the cycling were much 

lower. However, as the CO2 pseudo-isotherms indicated that CO2 saturation was almost 

achieved at 0.15 bar for the PSM materials, these materials would probably perform better 
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at pressures below 0.05 bar and might then have a higher working capacity than MIL-

101(Al)-NH2. Another reason that the working capacities of MIL-101(Al)-NH2 at 105 °C 

are expected to be lower than those found for the amine modifications is the fact that the 

unmodified material showed significantly lower CO2 adsorption at higher temperatures 

than the PSM materials (see Figure  3.40 and Figure  3.41). All materials exhibited good 

regenerabilities under dry conditions and stable working capacities from cycle to cycle. 

 

 
- MIL-101(Al)-NH2 – PEI-48– PEI-96 – DAB-AM-8-94 – DETA-89 

Figure 3.44: TGA profiles of MIL-101(Al)-NH2 before and after amine modifications 

under dry (a) and wet (b) conditions. Working capacities during the 10 cycles under dry (c) 

and wet (d) conditions. The line and marker colours correspond to the MOF and the 

symbols to the cycling temperature (25 °C (■) and 105 °C (●)). 
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PEI, DAB-AM-8 and DETA, a mass loss is observed, which suggests that some of these 

amine molecules are replaced by H2O molecules. Equilibrium CO2 adsorption was 

achieved in MIL-101(Al)-NH2, MIL-101(Al)-NH2-PEI-48 and MIL-101(Al)-NH2-PEI-96. 

No clear defined cycling profile is observed for MIL-101(Al)-NH2-DETA-89. An increase 

in mass in MIL-101(Al)-NH2-DAB-AM-8-94 was observed during the cycling of the 

Ar/H2O/CO2 mixture (t>400 min), which suggests that H2O and/or CO2 are progressively 

adsorbed during the cycling process.  

Under wet conditions (Figure  3.44d), the working capacities decreased in the order MIL-

101(Al)-NH2 (0.91 wt%) > MIL-101(Al)-NH2-PEI-96 (0.69 wt%) > MIL-101(Al)-NH2-

DAB-AM-8-94 (0.27 wt%) > MIL-101(Al)-NH2-PEI-48 (0.23 wt%) > MIL-101(Al)-NH2-

DETA-89 (0.10), which is in good agreement with the results from the dry cycling 

experiments. The regenerability and stability of the working capacities from cycle to cycle 

of MIL-101(Al)-NH2 and MIL-101(Al)-NH2-DETA-89 were comparable to those obtained 

under dry cycling conditions, but in the case of PEI and DAB-AM-8 modified frameworks 

a significant reduction in regenerability and stability were observed. This reduction in 

working capacities could be due to the competitive adsorption of H2O and CO2, such that 

H2O molecules are occupying preferential adsorption sites of CO2. 

The H2O stabilities of the materials were evaluated by PXRD (Figure 3.50). All samples 

showed a decrease in crystallinity, which is indicative for a partial/complete collapse of the 

frameworks. In the case of MIL-101(Al)-NH2, the diffraction at 2θ ~ 9 ° was still present. 

It is hypothesised that the partial collapse of MIL-101(Al)-NH2 occurs during the final 

heating stage (t=460 min) as the working capacities of the material remained stable during 

the cycling process. All diffraction patterns were measured using less than 10 mg of 

sample. This could potentially account for the diminished crystallinities, especially for the 

amine modified samples. It would therefore be helpful to measure the BET surface after 

the treatment with H2O vapour to validate the stability of the PSM materials. 

3.5.4.4 High pressure gas sorption on MIL-101(Al)-NH2 

High pressure adsorption and desorption (0-40 bar) on MIL-101(Al)-NH2 was conducted 

to determine the CO2/N2 selectivity and to investigate the applicability in high pressure 

separation processes. Furthermore, by measuring CO2 isotherms (0-5 bar) before and after 

the adsorption and desorption of H2O (30 % RH), the hydrothermal stability of the 

framework was evaluated.  
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3.5.4.4.1 High pressure CO2 and N2 sorption 

Figure  3.45a and b show the CO2 and N2 isotherms measured on the HPVA. MIL-101(Al)-

NH2 displayed a reasonably high CO2 uptake of 58.4 wt% (4.68 mol(CO2)/mol(CUS)) at 

25 °C and 40 bar. The impact of the amine group on the adsorption capacity cannot be 

determined, because the preparation of MIL-101(Al) has been unsuccessful to date. The 

CO2 adsorption capacity at 25 °C and 40 bar was lower than those reported for MIL-

101(Cr) (154.03 wt%) and MOF-177 (147.43 wt%) [18, 41]. The comparison with 

literature data for MIL-101(Al)-NH2 revealed that the adsorption capacities obtained in this 

work were slightly lower [16]. For instance at 25 °C and 30 bar, the CO2 adsorption 

capacity reported in the literature was about 5.70 wt% higher. On the other hand, the 

performance at high pressure was better than those reported for MIL-53(Al)-NH2 

(29.49 wt%, 30 °C, 13bar), zeolite NaX (32.6 wt%, 25 °C, 32 bar) and zeolite 13X 

(34.3 wt%, 30 °C, 30bar) [18, 41, 42]. Despite the lower N2 adsorption capacities, the 

saturation of MIL-101(Al)-NH2 with N2 will be achieved at higher pressures than in the 

case of CO2. The CO2 isotherms indicate that CO2 saturation was almost achieved. The 

adsorption of both adsorbates was found to be reversible and suggest that no chemisorption 

of CO2 on the amine sites was present.  

The CO2/N2 selectivities (Figure 3.49a) calculated from the single component adsorption 

capacities ranged from 7 to 12 and 5 to 22 at 25 °C and 105 °C, respectively. The CO2/N2 

selectivities of 5 to 9 (25 °C, 0-25 bar) reported by Serra-Crespo and co-worker are 

slightly smaller than those determined in this work.[16] The selectivities were found to 

decrease with increasing pressure until they were almost constant. At pressures below 

1.5 bar the CO2/N2 selectivities were much higher at 105 °C, than at 25 °C. Although this 

method gives a good indication of the selectivity, the adsorption of binary gas mixtures 

with a composition relevant to flue gas should be performed in order to get more accurate 

results. 

The isosteric heat of adsorption (Figure 3.49b) was calculated by fitting the Tóth isotherm 

model to the CO2 adsorption isotherms at 25, 45 and 105 °C. The enthalpy was determined 

to be 24±1 kJ mol
-1

 at zero loading (Figure 3.49b) and confirms the physisorption of the 

CO2. The value was in good agreement with the literature value of 22 kJ mol
-1

 [16], but the 

isosteric heat was lower than the heat of adsorption determined from the DTA data (see 

Section 3.5.4.2.1). The isosteric heat of adsorption was lower than those reported for MIL-
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101(Cr) (44 kJ mol
-1

) [18], MIL-101(Cr)-NH2 (43 kJ mol
-1

), HKUST-1 (30 kJ mol
-1

)[43] 

and zeolite 13X (49 kJ mol
-1

) [44]. The comparatively low enthalpy is beneficial for 

industrial applications, due to the reduction in energy consumption. 

 
Figure 3.45: High pressure (a) CO2 isotherms at 25 °C (■), 45 °C (♦), 75 °C (▲) and 

105 °C (●) and (b) N2 isotherms at 25 °C (■) and 105 °C (●) on MIL-101(Al)-NH2 

recorded on the HPVA in the pressure range of 0 to 40 bar . Closed symbols (■) and open 

symbols (□) represent the adsorption and desorption of the adsorbates, respectively. 

3.5.4.4.2 Hydrothermal stability 

Figure  3.46a and b present the results obtained from the IGA experiments. The initial CO2 

adsorption capacities were slightly lower than those obtained using the HPVA. This 

difference is consistent with the differences in the sample mass of ~0.03 g (IGA) vs. 0.31 g 

(HPVA) used during the experiments and the different activation procedures. In both 

instruments the samples were activated under vacuum, but the activation temperature 

varied between 25 °C (IGA) and 110 °C (HPVA). The red CO2 isotherm was measured 

after the sorption of H2O at 30 % RH and showed a reduction in CO2 adsorption capacity. 

With increasing pressure this difference became more pronounced. This is interesting since 

MIL-100 and MIL-101 frameworks are typically hydrothermally stability [45, 46]. The 

MOF exhibited a high H2O uptake of 22.30 wt% (4.37 mol H2O per mol CUS) at 0.01 bar, 

which led to high H2O/CO2 selectivities. The CO2 adsorption capacity at 0.1 bar was found 

to be approximately 131 times smaller than the H2O uptake. The hysteresis in the H2O 

isotherm is presumably a result of the strong interaction of the H2O molecules with the 

CUS.  

The comparison of the PXRD diffractograms of MIL-101(Al)-NH2 before and after the 

IGA measurements is shown in the supplementary information (Figure 3.50). The decrease 
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in CO2 uptake after the treatment with H2O at 30 % RH is probably due to the 

decomposition of the framework, consistent with the severe decrease in diffraction 

intensity. The low hydrothermal stability of the framework might potentially be a result of 

the presence of amine groups. However, in order to confirm this hypothesis, the impact of 

RH ≥ 30 % on a series of different MIL-101-NH2 frameworks should be evaluated. 

 
Figure 3.46: (a) CO2 isotherms before (black) and after (red) H2O adsorption/desorption at 

25 °C (b) H2O isotherm at 30 % RH and 25 °C. The measurements were conducted on the 

IGA. Closed symbols (■) and open symbols (□) represent the adsorption and desorption of 

the adsorbates, respectively. 

3.5.5 Conclusion 

This study showed that the PSM of MIL-101(Al)-NH2 was successfully achieved. The best 

performing PSM material was MIL-101(Al)-NH2-PEI-96, which exhibited higher 

adsorption capacities in the low pressure CO2 experiments. However, a blockage of the 

pores was observed in the case of MIL-101(Al)-NH2 loaded with 94 wt% DAB-AM-8 and 

89 wt% DETA. A decrease in the DAB-AM-8 loading, such that some porosity remains, 

might improve the CO2 adsorption capacities. However, potential improvements in the 

CO2 uptake in DETA modified MIL-101(Al)-NH2 relative to neat DETA are seen to be 

limited due to the high adsorption capacity of the neat amine.  

While MIL-101(Al)-NH2 exhibited fast adsorption/desorption kinetics at 25 °C, the 

incorporation of amines resulted in slow kinetics at low temperatures and faster kinetics at 

105 °C. As a result the cycling temperature was set to 105 °C for the PSM materials, 

which is potentially beneficial for post-combustion carbon capture. However, the working 

capacities during cycling of the DAB-AM-8, DETA and PEI modified materials were 

0

5

10

15

0 1 2 3 4 5 6

C
O

2
 a

d
so

rb
ed

/d
es

o
rb

ed
 /

 w
t%

 

Pressure / bar (a) 

0

5

10

15

20

25

0 0.0025 0.005 0.0075 0.01

H
2
O

 a
d

so
rb

ed
/d

es
ro

b
ed

 /
 w

t%
 

Pressure / bar 
(b) 



MOFs with coordinatively unsaturated sites for carbon capture 

190 

 

lower than those obtained for MIL-101(Al)-NH2. Furthermore, the incorporation of amines 

resulted in an increase in the heat of adsorption, which can make heat management within 

a fixed bed adsorber more difficult.  

PXRD studies of MIL-101(Al)-NH2 after the wet cycling experiment and after the 

treatment with H2O vapour at 30 % RH indicated a decomposition of the framework, 

leading to a reduction in the CO2 adsorption, particularly during the higher pressure 

adsorption/desorption measurements. The stable working capacities in MIL-101(Al)-NH2 

under wet cyclic conditions suggests that the collapse of the framework might have 

occurred during the final heating stage of the experiment. Although the H2O adsorption 

capacity was 22.30 wt%, the low stability renders the material inapplicable as an adsorbent 

for the removal of H2O. It is expected that the MIL-101(Al)-NH2 framework is more 

promising for the capture of CO2 at higher pressures.  
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3.5.8 Theoretical and experimental PXRD of MIL-101(Al)-NH2 

 
Figure 3.47: Comparison of the theoretical PXRD calculated from the crystal structure of 

MIL-101(Cr) [1](red) and the PXRD of MIL-101(Al)-NH2 (black). 
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3.5.9 Thermal decomposition and DTA profiles 

  
- MIL-101(Al)-NH2 – PEI-48 – PEI-96 – DAB-AM-8-94 – DETA-89  

Figure 3.48: (a) Thermal decomposition of MIL-101(Al)-NH2 before and after amine 

modification. (b) DTA profiles of MIL-101(Al)-NH2 before and after amine modification 

at 25 °C. 

3.5.10 High pressure adsorption – CO2/N2 selectivities and heat of adsorption 

 
Figure 3.49: (a) CO2/N2 selectivities at 25 (black) and 105 °C (red). (b) Isosteric heat of 

adsorption determined by fitting the Tóth isotherm model to the CO2 isotherms. 
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3.5.11 Impact of H2O – PXRD 

 

 

 
Figure 3.50: PXRD of MIL-101(Al)-NH2 and its amine modifications before (black) and 

after (blue) the sorption of H2O. 
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3.6.1 Abstract 

Adsorption is considered a promising method for carbon capture. CO2 adsorbents take a 

variety of forms, but one approach is the use of metal-organic frameworks (MOFs). STA-

16(Co) was prepared and characterised. The potential of STA-16(Co) to selectively adsorb 

and separate CO2 is considered. Isotherms for CO2 and N2 were measured from 0 to 40 bar 

at temperatures between 25 and 105 °C to evaluate the potential application in high 

pressure separation processes. Low pressure CO2 pseudo-isotherms were measured from 0 

to 0.5 bar at temperatures between 25 and 105 °C and dry and wet cycling experiments 

were conducted to determine the applicability of STA-16(Co) in a vacuum swing 

adsorption (VSA) process. The presence of 1 % H2O vapour during ten cycle experiments 

resulted in a decrease in CO2 working capacity due to the high H2O uptake. In contrast to 

the majority of MOFs, STA-16(Co) exhibited a good H2O stability and maintained its CO2 

adsorption capacity after adsorption/desorption of H2O vapour at 30 and 60 % RH at 

25 °C. However the treatment at 90 % RH resulted in a small decrease in CO2 adsorption 

capacity, which was found to be due to a structural change of the framework. 

3.6.2 Introduction 

One of the major challenges in the 21
st
 century is the increase in CO2 emissions due to the 

combustion of coal, oil and natural gas [1-3]. In order to meet the high energy demand, 

fossil fuels will remain the backbone of worldwide electricity production and therefore 

methods for the reduction of our CO2 emissions are urgently required [4]. Carbon capture 

and storage (CCS) has been proposed as a promising strategy to reduce anthropogenic 

greenhouse gas emissions and thereby halt climate change and global warming. Traditional 

technologies capture CO2 by using aqueous amines (e.g. MEA, DEA), which have been 

shown to have a high selectivity towards CO2. The main disadvantages of aqueous 

alkanolamines include a high energy requirement for the regeneration of the absorbents, 

loss of effectiveness over time due to their low thermal stability, loss due to evaporation, 
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the tendency to induce corrosion and the formation of heat stable salts, which decrease the 

efficiency of CO2 capture [5-10]. 

The evaluation of adsorption as an alternative to amine-based absorption/stripping 

processes has received much attention during the past decade. The application of pressure 

swing adsorption (PSA) and vacuum swing adsorption (VSA) processes in carbon capture 

is attractive due to the low energy requirement, which could result in a reduction of the 

capture costs [11]. Adsorbents are required that show a high thermal and hydrothermal 

stability, high CO2 capacity, high selectivity towards CO2 and a good long term stability 

[4, 12, 13]. Zeolite 13X has shown great potential for post-combustion capture, with a CO2 

uptake of 20.7 wt% at 25 °C and 1 bar [14]. However, its low hydrothermal stability, energy 

intensive regeneration, due to the large heat of adsorptions, and their low selectivity are the 

major drawbacks of these materials [3, 15, 16]. 

Metal-organic frameworks (MOFs) are promising candidates for carbon capture due to 

their very high porosity and surface area, ordered and well characterized porous structure, 

and adjustable chemical functionality [17-19]. Coordinatively unsaturated sites (CUS) can 

induce strong local interactions with CO2 resulting in lower binding energies, lower 

enthalpies of adsorption and a high selectivity towards CO2 [12, 20-22]. 

The majority of CO2 adsorption studies to date involve MOFs containing carboxylate, 

pyridine and polyazolate linker molecules. Very limited data is available on phosphonate 

MOFs [23-27]. One reason for this is the strong affinity and chelation of phosphonate 

groups to metal ions, which results in the formation of dense layered structures [28]. 

Phosphonate groups can bind to a variety of metal cations through one, two or three of the 

oxygen atoms [29]. Due to the small pore size (<0.6 nm) of most metal phosphonates, the 

reported CO2 adsorption capacities are low. To be applicable for post-combustion capture, 

stability in the presence of H2O vapour is important. While the majority of the carboxylate 

MOFs decompose or undergo a phase change under high H2O vapour pressure, MOFs 

containing phosphonate monoesters as organic linker molecules are generally 

hydrothermally stable [30].  

The organic linker N,N’-4,4’-bipiperidinebis-(methylenephosphonic acid) tetrahydrate 

(H4LL) contains two phosphonic acids, which are each capable of three states of 

protonation, as well as two amino nitrogen atoms capable of two protonation states. The 

reaction of H4LL and Co(OAc)2 results in the formation of a phosphonate MOF with a 
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pore diameter of 1.8 nm, which is known as STA-16(Co). The coordination of the Co(II) 

cations to four phosphonate oxygen atoms, one piperazinyl nitrogen atom and one oxygen 

atom of a H2O molecule results in a distorted CoO5N octahedron. A metal phosphonate 

spiral, which is built up by edge-sharing CoO5N octahedra, is connected to three others in 

order to give a hexagonal array of channels (Figure 3.51). One P=O bond from each 

phosphonate group projects into the hexagonal channels and can hydrogen-bond with 

lattice and coordinated H2O molecules. The terminal H2O ligands of the CoO5N octahedra 

can be removed upon vacuum activation at 150 °C to give CUS [31, 32].  

 
Figure 3.51: The hexagonal array of channels in STA-16(Co) (Phosphonate tetrahedral: 

green, Co(II) octahedra: blue, C: grey, N: dark blue, O: red). The lattice H2O molecules 

and the hydrogen atoms have been omitted [31]. 

Here we report the adsorption properties and hydrothermal stability of STA-16(Co). The 

applicability as an adsorbent has been assessed in terms of low pressure CO2 adsorption, 

single component adsorption of CO2 and N2 up to 40 bar and the hydrothermal stability. 

The stability and regenerability of the material was determined by performing ten cycle 

adsorption/desorption experiments under dry and wet conditions. The CO2/N2 selectivities 

and the applicability of STA-16(Co) were determined by performing high pressure CO2 

and N2 adsorption/desorption measurements. In order to evaluate the hydrothermal 

stability, H2O sorption isotherms were measured to different relative humidities. 
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3.6.3 Experimental section 

3.6.3.1 Chemicals 

4,4’-bipiperidine dihydrochloride (99 %, Alfa Aesar), Cobalt(II) acetate tetrahydrate (≥ 

98 %, Sigma Aldrich), formaldehyde (40 % w/v GR grade, Merck), hydrobromic acid 

(Merck), phosphorous acid (97 % Alfa Aesar) and potassium hydroxide (GR grade, 

Merck). 

3.6.3.2 Synthesis of STA-16(Co) 

The syntheses of H4LL and STA-16(Co) were performed following the procedure 

described by Wharmby et al. [31, 32].  

In a typical synthesis H4LL, was prepared using 4,4’-bipiperidine dihydrochloride, 

phosphorous acid, hydrobromic acid solution and formaldehyde in a Mannich reaction. 

0.99 g of H4LL were placed in a 100 mL Teflon lined autoclave and 44.7 mL of distilled 

H2O were added. After the further addition of 5.7 mL of potassium hydroxide solution 

(1 M), the mixture was stirred until the majority of the ligand had dissolved. 1.36 g of 

cobalt(II) acetate tetrahydrate were added and the mixture was aged for 30 minutes at 

room temperature, then heated at 220 °C in a Teflon lined autoclave for 65 hours. The 

purple powder was filtered and washed with distilled H2O. 

3.6.3.3 Characterisation of STA-16(Co) 

Powder x-ray diffractograms (PXRD) were measured on a Bruker D8 Focus powder 

diffractometer using CuKα radiation (λ=1.5418 Å). The module “Reflex Tools” in 

Materials Studio 6.0 was used to calculate the theoretical diffractogram [33]. 

SEM images and EDS analysis were performed on a JEOL 7001F field emission scanning 

electron microscope using an accelerating voltage of 15 kV. 

A Perkin-Elmer Spectrum RXI Fourier-transform infrared spectrometer was used to obtain 

the IR spectrum on a KBr pellet in the spectral range 4000 to 400 cm
-1

. 

Elemental analysis was performed in the Campbell Microanalytical Laboratory at the 

University of Otago, New Zealand.  

The thermal decomposition was measured using the Setaram TAG 24 symmetrical 

thermoanalyser. The first step was the removal of volatile matter inside the pores at 110 °C 

for 1 h. During the last 30 min of this period, the gas composition was changed from 
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100 vol% Ar to 50 vol% air and 50 vol% Ar. The sample was then heated to 900 °C with a 

heating ramp of 10 °C min
-1

 in the Ar/air mixture. After 15 min at 900 °C the air flow was 

switched off and after another 15 min the system was cooled to 20 °C. 

3.6.3.4 Low pressure gas sorption  

Low pressure CO2 isotherms at 25, 45, 75 and 105 °C were measured using the Setaram 

TAG 24 symmetrical thermoanalyser. Prior to the experiment, the sample was activated 

under vacuum at 150 °C overnight. Approximately 20 mg of sample were used for each 

experiment. The first step of the TGA program was the pre-treatment at 150 °C under Ar 

(70 mL min
-1

) for 1 h in order to remove moisture. The system was then cooled down 

under Ar until the adsorption temperature was reached. The thermoanalyser was allowed to 

equilibrate for 20 minutes before CO2 flow was begun. The amount of CO2 was increased 

in five steps (2.1, 5.2, 14.7, 29.7 and 49.8 vol%), then the desorption was started by 

decreasing the amount of CO2 in the gas stream. The change in gas feed composition is 

able to mimic a vacuum swing adsorption process by varying the partial pressure of CO2. 

After the last desorption step, the temperature was held constant for another 20 min. At the 

end of the experiment the MOF was heated to 150 °C in order to desorb the CO2 

completely. Fresh samples were used for each experiment. 

3.6.3.5 Cycling experiments 

The stability and regenerabilty of STA-16 was measured by thermogravimetric analysis 

using the Setaram TAG 24 symmetrical thermoanalyser. The sample was degassed under 

vacuum at 150 °C for 12 h prior to the cycling experiment. After activating approximately 

20 mg at 150 °C under Ar in order to remove any residual moisture, the temperature was 

adjusted to 25 °C. Ten cycles of adsorption/desorption were carried out by varying the 

CO2 partial pressure between 0.05 and 0.15 bar. The equilibration time for each adsorption 

and desorption step was set to 20 min. For the wet experiments, the MOF was saturated 

with 1 vol.% H2O vapour by exposing the samples to flowing wet Ar after the activation 

step, before treatment with wet CO2/Ar mixtures (1 % H2O/CO2/Ar, 70 mL min
-1

). 

3.6.3.6 High pressure gas sorption 

The sorption isotherms for CO2 and N2 were measured using a HPVA instrument 

(Micromeritics). Prior to measuring the isotherms, the sample was activated at 150 °C 

under high vacuum overnight. The sample (0.36 g) was then transferred from the degas to 
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the analysis port and the gas sorption was measured at 25/30, 45, 75 and 105 °C up to 

40 bar. The sample was re-activated after each isotherm. The isosteric heat of adsorption 

ΔHiso as a function of CO2 loading was determined by fitting the Tóth isotherm model to 

the CO2 isotherms obtained at 25, 45, 75 and 105 °C [34]. From this data the heat of 

adsorption was also calculated using the Clausius-Clapeyron equation. 

The hydrothermal stability of STA-16(Co) was determined by measuring CO2 and H2O 

vapour sorption isotherms using an Intelligent Gravimetric Analyzer (IGA-1 series, Hiden 

Analytical Ltd.). Before and after each H2O sorption, CO2 isotherms (0-5 bar) were 

measured in order to evaluate the stability of the framework.The MOF was activated at 

150 °C in the VacPrep 061 (Micromeritics) and approximately 30 mg were used for the 

measurements. The sample was installed in the instrument and outgassed at room 

temperature until the sample weight remained constant. The minimum and maximum 

times per data point were set to 15 to 30 min for CO2 and 10 to 40 min for H2O. If the 

mass gain reached within 1 % of the calculated equilibrium value the pressure was 

changed immediately to the next value, even if the maximum time had not elapsed. The 

sample was activated under vacuum in between in each isotherm. After the adsorption of 

H2O at 90 % relative humidity (RH), the activation using vacuum at room temperature was 

insufficient and the temperature needed to be increased to 95 to 100 °C to remove the 

adsorbed H2O completely.  

3.6.4 Results and discussion 

3.6.4.1 Characterisation of STA-16(Co) 

The experimental and theoretical elemental compositions of STA-16(Co) are compared in 

Table  3.9. The results are in reasonable agreement with the calculated values for carbon, 

hydrogen and nitrogen. The theoretical composition of STA-16(Co) was calculated from 

the empirical framework formula Co2(H2O)2C12H22N2P2O6∙11H2O. 

Table 3.9: Elementary chemical analysis of STA-16(Co). 

MOF %C %H %N 

STA-16(Co) 18.54 ± 0.41 6.72 ± 0.33 3.51 ± 0.16 

STA-16(Co) calculated 20.50 6.87 3.98 

The SEM image shows the formation of elongated crystals of various sizes from 0.2 μm to 

1.6 μm (Figure  3.52). Energy dispersive X-ray analysis indicated Co:P and Co:N mole 

ratios of 1.06:1 and 1.09:1, respectively. These results are in good agreement with the 
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theoretical ratios of 1:1 calculated from the empirical formula Co2(H2O)2C12H22N2P2O6. 

 

Figure 3.52: SEM images of STA-16(Co) at a magnification of 10000 (a) and 20000 (b). 

The comparison of the measured powder X-ray diffraction (XRD) pattern of STA-16(Co) 

and the calculated XRD pattern for the crystal structure shown in Figure  3.53a confirms the 

purity of the bulk sample. The calculated XRD pattern of STA-16(Co) was calculated from 

the crystal structure reported by Wharmby et al., which was measured at -173 °C using 

synchrotron radiation [31]. 

The IR spectrum of STA-16(Co) (Figure  3.53b) shows a band at 2950 cm
-1

 which is 

characteristic for methylene C-H vibrations. The strong bands at 3432 cm
-1

 (O-H) stretch 

and 1654/1637 cm
-1

 (O-H bend) are due to hydrogen-bonded adsorbed H2O molecules. 

The C-C stretch and the C-N stretch are observed at 1454 and 1378 cm
-1

, respectively. 

Two P-O(H) stretch vibrations are visible at 2865 cm
-1

 and in the region of 1167 to 

966 cm
-1

. The bands at 1351 to 1224 cm
-1 

are characteristic for the P=O stretch. 

The thermal stability of STA-16(Co) was evaluated by thermogravimetric analysis (TGA). 

The TGA profile (Figure  3.53c) showed a weight loss of 26.1 wt% (16-96 °C), assigned to 

the loss of physisorbed H2O, immediately followed by a second loss of 5.8 wt% (expected 

value: 5.2 wt%), assigned to the loss of one H2O molecule per Co
2+

. The discrepancy can 

be explained by the loss of some residual physisorbed H2O in the second event. This H2O 

loss was followed by a plateau until 230 °C, after which the framework decomposed. The 

decomposition temperature is in good agreement with the 230 °C reported by Wharmby et 

al. [31]. 
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Figure 3.53: (a) Comparison of experimental (black, 25 °C) and the calculated 

diffractogram of STA-16(Co) (red, -173 °C). (b) IR spectrum of STA-16(Co). (c) Thermal 

decomposition of STA-16(Co) compared to literature data [31]. 

3.6.4.2 Low pressure gas sorption 

Prior to the sorption experiments, STA-16(Co) was activated at 150 °C overnight. A 

comparison of the pseudo-isotherms at 25, 45 and 75 °C is shown in Figure  3.54a. The 

MOF did not show any measurable CO2 adsorption capacity at 105 °C in the pressure 

range studied. Increasing the CO2 concentration led to a rise in CO2 adsorption capacity, 

whereas an increase in temperature resulted in a decrease in CO2 adsorption capacity. The 

change with temperature is due to the greater kinetic energy of the molecules at higher 

temperature, which allows weakly bound molecules to leave the surface of the adsorbent 

more readily. The CO2 adsorption capacity of 3.43 wt% at 25 °C and 0.5 bar is higher than 

those reported for IRMOF-1 (2.11 wt%), MOF-177 (2.36 wt%), IRMOF-3 (2.95 wt%) and 
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ZIF-8 (2.76 wt%) [19]. However, it is much lower than those of HKUST-1 (~10.12 wt%) 

[35], MOF-74(Ni) (~27.50 wt%) [36] and MOF-74(Mg) (~32.00 wt%) [36]. 

The material showed good adsorption/desorption kinetics at low temperatures, as can be 

seen in the stepwise profile in Figure 3.54b. The adsorption was completely reversible 

upon decreasing the pressure of CO2 at 25 and 75 °C. Hysteresis of the pseudo-isotherms 

at 45 °C indicated some irreversibility of the CO2 adsorption. To verify the irreversibility 

at 45 °C the TGA measurements were repeated at all temperatures and identical result 

were obtained (25 and 75 °C not shown here). A possible explanation for this phenomenon 

is the occurrence of some change in structure at 45 °C, which is slow and therefore results 

in irreversible adsorption upon lowering the CO2 pressure. At higher temperatures this 

structural change becomes more rapid and almost reversible adsorption can be achieved. 

The nature of this potential structural change is however unknown. 

.  

Figure 3.54: Low pressure CO2 pseudo-isotherms (a) and TGA profiles (b) on STA-

16(Co). The closed symbols (■) represent the adsorption of CO2 and the open symbols (□) 

represent the desorption. 

3.6.4.3 Cycling experiments 

The CO2 working capacities and the practical regenerability of STA-16(Co) were 

evaluated by monitoring pseudo-equilibrium adsorption uptakes over ten cycles of 

adsorption and desorption at 25 °C under dry and wet (1 vol% H2O) conditions using a 

standard procedure applied in our laboratory [37]. The TGA profiles and the corresponding 

working capacities are illustrated in Figure 3.55. 
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The dry cycling profile is shown in Figure 3.55a. The figure shows the weight loss during 

the activation at 150 °C under flowing Ar (t=-100 to -50 min), the cooling to 25 °C under 

flowing Ar (t=-50 to -20 min) and the equilibration of the mass at 25 °C under Ar 

atmosphere (t=-20 to 0 min). After approximately 420 min the Ar/CO2 mixture was 

replaced by pure Ar and the temperature was held for another 40 min. The weight gain 

during the cooling step is regarded as an artefact due to the change in temperature. The 

sample was then heated to 150 °C under flowing Ar (t>460 min). The TGA profile 

indicates a gradual increase of CO2 adsorption from cycle to cycle, implying incomplete 

equilibration of the adsorbed CO2 during the 20 min allowed for each adsorption step. This 

result suggests that the adsorption kinetics were relatively slow, compared to other 

materials we have studied, and therefore equilibrium adsorption was not quite achieved. 

Irreversibility of the adsorption process was also observed, in that the amount of CO2 

desorbed was in most cases a little smaller than the amount adsorbed in the previous step. 

This could be consistent with the interaction of CO2 (slow adsorption and slower 

desorption) with the CUS of STA-16(Co). However, regenerating the sample at 150 °C 

under flowing Ar resulted in complete desorption of CO2. The net result of this interaction 

with the CUS was a decrease in working capacity (Figure 3.55c) over the 10 cycles of 

approximately 45 %. The average working capacity calculated from the adsorption 

capacities in cycle two to ten was approximately 0.8 wt% (0.05 mol(CO2)/mol(CUS)), 

which is higher than the 0.7 wt% (0.04 mol(CO2)/mol(CUS)) expected from the low 

pressure CO2 data.  

In contrast to what was observed for the dry cycling experiments equilibration in 20 min 

was achieved under wet conditions (Figure 3.55b). It took 400 min of treatment with 

1 vol% H2O vapour to reach equilibrium H2O uptake, corresponding to 14.9 wt% 

(2.09 mol(H2O)/mol(CUS)). The high H2O uptake and the time required for saturating the 

material shows that STA-16(Co) is highly hydrophilic, with a high selectivity for H2O 

relative to CO2. The high H2O uptake reduced the pore volume by at least a fifth and since 

H2O will occupy the sites for preferential CO2 adsorption the decrease in CO2 working 

capacity will be greater than 20 %. Thus after equilibration with H2O, the CO2 working 

capacities (~0.23 wt%; 0.01 mol(CO2)/mol(CUS)) were much smaller than under dry 

conditions. However, the overall loss of working capacity from cycle one to cycle ten was 

only 23 % compared to 45 % under dry conditions. Most of the H2O was removed by 

heating STA-16(Co) at 150 °C for 30 min in a flow of Ar, with only 0.7 wt% 
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(0.10 mol(H2O)/mol(CUS)) remaining inside the pores. This result suggests that the 

recovery time of 30 min at 150 °C under flowing Ar was insufficient to remove the 

chemisorbed H2O molecules completely, but it is expected that an extension in the final 

activation step will eventually result in the complete desorption of these H2O molecules. 

Thus, while the material remained stable in the presence of H2O, its application in post-

combustion CO2 capture from wet atmospheres is limited. 

 

 

Figure 3.55: TGA profiles of dry (a) and wet (b) cycling experiments at 25 °C and CO2 

working capacities in 10 cycles under dry (c) and wet (d) conditions. 

3.6.4.4 High pressure CO2 and N2 sorption 

The CO2 and N2 sorption isotherms of STA-16(Co) were determined over a temperature 

range of 25-105 °C (CO2) and 25-75 °C (N2) and a pressure range of 0-40 bar in order to 

determine the CO2/N2 selectivities and to evaluate the potential of STA-16(Co) for high 

pressure separation processes.  
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The sorption isotherms are shown in Figure 3.56. The size of the sample used was too 

small to obtain accurate results for N2 adsorption capacity at 105 °C, which is low, so that 

a 105 °C N2 isotherm could not be obtained. At lower temperatures a slight hysteresis in 

the sorption isotherms of both CO2 and N2 are observed which can be explained by the 

strong interaction of the adsorbates with the coordinatively unsaturated sites. Similar 

hysteresis has been reported for HKUST-1 [38]. While increasing the pressure resulted in 

an increase in capacity, an increase in temperature had the opposite effect. For both 

adsorbates, no saturation was observed in the studied temperature and pressure range, but 

the N2 sorption isotherms showed a more linear shape than those observed for CO2. The 

shape of the CO2 isotherms suggest that saturation is likely to occur at approximately 

40 bar, whereas the saturation for N2 will only occur at much higher pressure.  

The CO2 adsorption capacity of STA-16(Co) was 21.1 wt% (1.21 mol(CO2)/mol(CUS)) at 

30 °C and 15 bar, which is higher than the CO2 adsorption capacity reported for STA-

12(Ni) (15.4 wt%) [39]. This is consistent with the higher pore volume in STA-16(Co) 

(0.68 cm
3
 g

-1
) [31] than in STA-12(Ni) (0.20 cm

3
 g

-1
) [40]. In comparison with carboxylate 

MOFs like HKUST-1 (~55.9 wt%) [9], MIL-53(Al)-NH2 (~26.0 wt%) [41] and MIL-

101(Cr) (~74.8 wt%) [42] the adsorption capacity was lower under similar conditions. This 

result is consistent with the total pore volume available within the pores and the electron 

density distribution throughout the pore system. In contrast to this, Choi et al. reported a 

similar adsorption capacity for zeolite 13X (22.8 wt%) [43]. The comparatively low CO2 

adsorption capacities over the studied pressure and temperature range suggest that STA-

16(Co) might not be an attractive adsorbent for natural gas or pre-combustion processes. 

Comparison of Figure 3.56a and b shows that STA-16(Co) has a higher affinity for CO2 

than for N2, which is advantageous for a post-combustion capture process. The CO2/N2 

selectivity was determined by dividing the CO2 adsorption capacity by the N2 capacity at 

each pressure point. Figure 3.56c shows the CO2/N2 selectivity at 25 °C as a function of 

pressure. Increasing the pressure resulted in a gradual reduction in the selectivity. At low 

pressure (1.2 bar) a maximum in selectivity is observed. The selectivity was higher than 

those reported for MOF-5 (~3) [44] and ZIF-8 (~4) [45], but much lower than that of 

MOF-74(Zn) (35) [45]. The CO2/N2 selectivity range of 8 to approximately 11 is 

comparable to values reported for HKUST-1 (~5-10) [45]. The next step should be to 

evaluate the selectivities for specific applications such post-combustion, pre-combustion 
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and natural gas separation by conducting adsorption/desorption experiments using 

binary/ternary/multi component gas mixtures. 

 

 
Figure 3.56: (a) High pressure CO2 (●) and (b) high pressure N2 sorption isotherms (■) on 

STA-16(Co). The closed symbols (●, ■) represent the adsorption of the adsorbates and the 

open symbols (○, □) represent the desorption. (c) CO2/N2 selectivity at 25/30 °C. (d) 

Isosteric heat of adsorption for CO2 on STA-16(Co). 

The isosteric heat of adsorption as a function of loading is shown in Figure 3.56d. At zero 

coverage the isosteric heat of adsorption was estimated to be 37 kJ mol
-1

 using the Tóth 

isotherm equation. But at practical loadings for a pressure swing adsorption (PSA) process 

the isosteric heat would correspond to ~30 kJ mol
-1

. The isosteric heat of adsorption at 

zero coverage is comparable to those reported for STA-12(Ni) (36 kJ mol
-1

) [40], MIL-

101(Cr) (34 kJ mol
-1

) [46], MOF-74(Mg) (42 kJ mol
-1

) [47] and zeolite 13X (37 kJ mol
-1

) 

[48]. The value is higher than the adsorption enthalpies at zero coverage of HKUST-1 
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(28.1 kJ mol
-1

), MOF-5 (15 kJ mol
-1

) and ZIF-8 (17 kJ mol
-1

) [45]. The isosteric heat of 

adsorption decreases with increasing loading to approximately 1 mmol g
-1

, above which it 

increases slightly. At low loadings the heat of adsorption is high due to the occupation of 

high-energy adsorption sites. After these adsorption sites are occupied, the less energetic 

sites will be filled, hence the heat of adsorption declines. 

3.6.4.5 Hydrothermal stability of STA-16(Co) 

The hydrothermal stability is an important factor in determining the practical usefulness of 

adsorbents. In this study, the stability of STA-16(Co) was assessed by measuring CO2 

sorption isotherms before and after the sorption of H2O vapour and by PXRD. The H2O 

vapour sorption isotherms of STA-16(Co) to different relative humidities are compared in 

Figure 3.57a and b. The H2O adsorption capacities increased with increasing relative 

humidity. Due to the presence of coordinatively unsaturated sites in the framework 

structure, high H2O uptakes were observed even at low pressures. The steep increase at 0-

0.015 bar is a result of the hydrophilic pore surface. Furthermore, hysteresis was present at 

low pressure, implying a strong interaction of H2O with the Co(II) sites. While vacuum 

activation at ambient temperature was sufficient after the treatment at 30 % RH and 60 % 

RH, the sample needed to be activated at 95 to 100 °C after H2O sorption at 90 % RH. 

The CO2 isotherms before and after the H2O vapour sorption are shown in Figure 3.57c. 

No changes in CO2 adsorption capacities were observed after the adsorption of H2O up to 

30 % RH or 60 % RH, confirming the stability of STA-16(Co). However, after the H2O 

sorption at 90 % RH a slight decrease in CO2 adsorption capacity was observed from 

13.2 wt% to 12.5 wt% at 25 °C and 5 bar. In comparison to this, HKUST-1 and 

M2(BDC)2(DABCO) (M=Ni,Zn) were found to be unstable at 30 % RH and 60 % RH, 

respectively [49]. 

PXRD studies revealed that the H2O sorption at up to 60 % RH did not result in a loss in 

crystallinity (Figure 3.57d). However, comparison with the as-synthesised STA-16 

framework revealed that the intensities of some peaks above 2θ=14 ° had increased. For 

instance, after H2O sorption the peak at 2θ=25.6 ° became the most intense peak in the 

diffraction pattern and shifted slightly to 25.2 °. These results suggest that the small 

decrease in CO2 adsorption capacity on adsorption of H2O up to 90 % RH is occurring 

together with a change in crystal structure. 
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Figure 3.57: (a) H2O isotherms of 30 %RH (black), 60 % RH (red) and 90 %RH (green) at 

25 °C. (b) H2O isotherms of 30 %RH (black), 60 % RH (red) and 90 %RH (green) at 

25 °C on an enlarged scale. (c) CO2 isotherms before (black) and after adsorption of 30 % 

RH (red), 60 % RH (green) and 90 % RH (blue) at 25 °C and 0 to 5 bar. Closed (■) and 

open (□) symbols denote adsorption and desorption respectively. (d) PXRD before (black) 

and after 90 % RH treatment (blue). 

3.6.5 Conclusion 

STA-16(Co) was prepared and its potential application in a VSA or PSA process was 

evaluated by measuring low pressure CO2 isotherms, high pressure CO2 and N2 isotherms 

and by performing cycling experiments with and without H2O vapour. The uptake at low 

and high pressure was found to be significantly lower than those reported for carboxylate 

MOFs such as MOF-74 and HKUST-1. The strong interaction of CO2 with the 

coordinatively unsaturated sites of the framework results in a progressive decrease of the 

CO2 cyclic working capacity by 45 % from its value for the first cycle under dry 
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conditions. The presence of H2O vapour reduced the capacity loss to 23 %, but the high 

H2O capacity also led to a significant decrease in the absolute amount of CO2 captured. 

The applicability of STA-16(Co) for capturing CO2 in post-combustion, pre-combustion 

and natural gas separation is seen to be limited, due to the relatively low uptakes at both 

low and high pressure. However, STA-16(Co) could be used as a pre-layer in post-

combustion processes to remove H2O vapour. The material was found to be stable up to 

60 % RH, though above this RH structural change in the framework occurred. The 

material could be regenerated after exposure to wet atmospheres by heating at 150 °C 

under Ar flow. Although regeneration under vacuum at room temperature was possible, 

the time required was too long for industrial processes (days to weeks).  
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4 Flexible MOFs for carbon capture 

4.1 Chapter overview 

In the previous chapter, a series of MOFs containing CUS were evaluated for their 

potential for carbon capture. Another class of MOFs are flexible materials that can change 

their pore volume depending on the adsorbate, pressure and temperature. These materials 

are promising for carbon capture due to their high selectivities (see Chapter 1). 

This chapter focuses on the flexible framework MIL-53(Al)-NH2. The potential for post-

combustion capture was evaluated by performing a series of low pressure 

adsorption/desorption and cycling experiments. Due to the lack in performance under wet 

conditions, the material was modified with benzoic anhydride in an attempt to improve the 

capture ability under wet conditions. The impact of this PSM on the CO2 adsorption 

capacities and working capacities was determined. 

4.2 MIL-53(Al)-NH2 and MIL-53(Al)-AM for carbon capture 

4.2.1 Introduction 

The selective capture of CO2 from flue gas, syngas or natural gas still remains one of the 

biggest challenges when evaluating the potential of MOFs for carbon capture [1, 2]. One 

approach to overcome this problem is the use of flexible MOFs, whose pores can open or 

close depending on the gas type and pressure [3, 4]. Various flexible MOFs have been 

studied for their ability to adsorb CO2. 

Choi et al. prepared two flexible MOFs, SNU-M10 and SNU-M11 using square-planar 

Ni(II) macrocylic complexes as linear linkers and 1,1’-biphenyl-3,3’,5,5’-tetracarboxylate 

as a square planar organic building block. Both materials showed a high thermal stability 

up to 300 °C, good air and H2O stability and a high selectivity of CO2/N2, CO2/CH4 and 

CO2/H2. The performance of SNU-M10 for post-combustion capture was confirmed by 

cycling experiments at 25 °C using 15 % CO2 in N2, which showed a reversible uptake of 

0.77 wt%. In contrast to this, SNU-M11 is not applicable for post-combustion carbon 

capture due to the lack of uptake at 25 °C and pressures up to 20 bar [5]. 

The gate opening of Cu(bpp)2(BF4)2 and the effect of different activation temperatures 

were studied by Kotani and co-workers. Vacuum activation at 120 and 140 °C was found 

to result in a two-step CO2 isotherm at 0 °C, with the gate opening taking place at p/p0 of 
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0.012. The CO2 uptakes at 1 atm were 8.2 wt% and 9.5 wt% for the pre-treatment at 120 

and 140 °C, respectively [6].  

The flexible MOF containing 4,4’-bipyridine, tetrakis[4-(carboxyphenyl)oxam-

ethyl]methane and zinc metal centres was prepared by Thallapally et al. At 25 °C and 

1 bar, the CO2 uptake reached 5 wt% and a further increase in the pressure to 10 bar 

resulted in the breathing of the framework. N2 (up to 1 bar) and H2 (up to 20 bar) showed 

no detectable uptake, indicating a high selectivity of CO2 over these gases [7].  

MIL-53 and its functionalised derivatives are examples of breathing materials. The 

framework is built up by the interconnection of infinite trans chains of corner-sharing (via 

OH groups) AlO4(OH)2 octahedra by 2-aminoterephthalte ligands. The two carboxylate 

functions are linked to two distinct adjacent aluminium cations. In this way a crystalline 

material with 1-D channels with different pore sizes depending on the nature of the 

inserted molecules [8, 9]. A schematic representation of the breathing effect in MIL-

53(Al)-NH2 upon CO2 adsorption is shown in Figure 4.1. The very narrow pore form (vnp) 

is present at CO2 pressures between 0 to 3 bar. This phase is a result of the hydrogen 

bonding between the amine groups and the bridging OH-groups and is not observed in the 

case of MIL-53(Al). At CO2 pressures of 3 to 12 bar, the cell volume increases from 937.5 

to 987.2 Å
3
 and the corresponding structure is denoted as MIL-53(Al)-NH2 np. From 

3.5 bar, small amounts of MIL-53(Al)-NH2-lp are observed, which increases with 

increasing pressure. This large pore form exhibits a cell volume of 1451.4 Å
3
. The 

desorption can be achieved by purging helium over the sample for at least 15 min, mild 

thermal treatment or by reducing the pressure [10]. 

Lescouet et al. [11] prepared MIL-53(Al)-NH2 containing different amounts of amine and 

measured the CO2 adsorption/desorption isotherms at 30 °C between 0.02 and 32 bar. All 

isotherms exhibited two distinct adsorption steps, characteristic for the breathing of the 

MIL-53 framework. During the first adsorption step, with a CO2 adsorption capacity of 

8.80 wt%, MIL-53(Al)-NH2 exists in the np form. This CO2 adsorption capacity was 

observed for all samples, irrespective of the amine content. At higher pressures the phase 

transformation from the np to the lp form was observed in all samples, which exhibited 

varying CO2 adsorption capacities. The gate opening pressure was found to increase with 

increasing amine content. At pressures below 1 bar a linear relationship between the amine 
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content and the Henry constant was found due to the formation of hydrogen bonds with the 

amino groups and the bridging hydroxide groups resulting in higher isosteric heats [11]. 

DRIFT measurements and DFT calculations were conducted by Stavitski et al. Closer 

observations of the amine region in the DRIFT spectra of MIL-53(Al)-NH2 exposed to 

various pressures of CO2 did not indicate the formation of a chemical bond between the 

amine groups and the CO2 (see also Chapter 1.3.2.1) [12]. 

 
Figure 4.1: Schematic view of the breathing phenomenon of MIL-53(Al)-NH2 upon 

adsorption/desorption of CO2. Ball and stick view (Al octahedra: pink, C: grey, O: red, N: 

blue) [10]. 

The effect of different synthesis times of MIL-53(Al)-NH2 on the CO2 uptake was reported 

by Kim and co-workers. The extension of the synthesis time up to 5 days resulted in an 

increase in pore volume, BET surface area and CO2 adsorption capacity. The surface areas 

varied between 526 m
2
 g

-1
 (2 days) and 937 m

2
 g

-1
 (5 days). After 5 days a maximum in 

CO2 adsorption capacity of 8 wt% was reached at 25 °C and 1 bar. However, in 

comparison with MIL-53(Al) (11.2 wt%), the CO2 capacities are lower due to the smaller 

BET surface area and pore volume. The suitability of MIL-53(Al)-NH2 for a PSA process 

was evaluated by performing six cycle experiments between 5 and 20 bar at 25 and 50 °C. 

The CO2 adsorption capacity at 20 bar was found to be 29.1 and 23.0 wt%, respectively. 

The cycling experiments indicated good stability and regenerability in a PSA process [13]. 

Due to the high chemical stability of the framework structure, a variety of postsynthetic 

modifications of MIL-53(Al)-NH2 using diphosgene, thiophosgene, formic acid and 

CO2 

p ≥ 3 bar 

CO2 

p ≥ 3.5 bar 

Desorption 
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chloromethylene have been reported [9, 14, 15]. The effect of different alkyl anhydrides 

(acetamide, butyramide, hexanoamide) used for the modification of MIL-53(Al)-NH2 was 

reported by Ngyuen et al. Although the conversion of the amine group decreased with 

longer alkyl chains in the anhydride, contact angle measurements indicated the 

superhydrophobic character of the butyramide and hexanoamide modified samples [16]. 

4.2.2 Experimental section 

4.2.2.1 Chemicals 

Acetonitrile (≥ 99.9%, Merck), aluminium chloride hexahydrate (99 %, Sigma Aldrich), 2-

aminoterephthalic acid (99 %, Sigma Aldrich), benzoic anhydride (≥ 95 %, Sigma 

Aldrich), chloroform (99 %, Merck), DMF (GR grade, Merck), argon (high purity, BOC 

and Air Liquide), carbon dioxide (Food grade, Coregas), helium (high purity, Air Liquide) 

and liquid nitrogen (BOC and Air Liquide). 

All reagents were commercially available and used without further purification. 

4.2.2.2 Synthesis of MIL-53(Al)-NH2 

MIL-53(Al)-NH2 was synthesised and activated as described previously by Ahnfeldt et al. 

[9].  

A mixture of 4.44 g (18.39 mmol) aluminium chloride hexahydrate, 3.39 g (18.71 mmol) 

2-aminoterephthalic acid and 45 mL H2O was placed into a Teflon® lined autoclave and 

heated at 150 °C for 5 h. The product was filtered and washed with H2O. To remove the 

excess amount of 2-aminoterphtalic acid, MIL-53(Al)-NH2 was treated with 100 mL DMF 

at 150 °C for 16 h. The yellow coloured product was filtered and dried at room 

temperature. 

4.2.2.3 PSM of MIL-53(Al)-NH2 

The postsynthetic modification of MIL-53(Al)-NH2 with benzoic anhydride was 

performed using a procedure described by Nguyen et al. [16].  

 

0.48 g of MIL-53(Al)-NH2 were transferred into a vial and heated at 150 °C for 20 h. After 

quickly capping the vial and cooling to room temperature, MIL-53(Al)-NH2 was 
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transferred with 40 mL acetonitrile into a Teflon® lined autoclave and 1.88 g (8.31 mmol) 

of benzoic anhydride was added. The mixture was heated at 80 °C for 24 h. The reaction 

was cooled to room temperature and centrifuged (4000 rpm, 10 minutes) and the reaction 

solution was decanted. The solid was washed by suspending the solid in chloroform 

(10 mL), centrifuged, and the solvent was decanted four times. MIL-53(Al)-AM was then 

dried at 50 °C for 1 h.  

4.2.3 Results and discussion 

4.2.3.1 Characterisation of MIL-53(Al)-NH2 and MIL-53(Al)-AM 

The FTIR spectra of MIL-53(Al)-NH2 and MIL-53(Al)-AM are shown in Figure 4.2. The 

doublet at 3500 and 3387 cm
-1

 corresponds to the asymmetrical and symmetrical stretching 

of the primary amine moieties and/or amide groups. These absorptions seem to be formed 

by the contribution of two different bands, pointing at two amine species in the framework 

[17]. Three other characteristic bands of the amino group can be observed at 1620 cm
-1

 (N-

H bending vibration) and 1340/1257 cm
-1

 (C-N stretching absorption distinctive of 

aromatic amines) [18]. The bands at 1570 cm
-1

 and 1499 cm
-1

 correspond to the symmetric 

C=O and the aromatic C=C stretching vibrations, respectively [8, 19]. The characteristic 

band for the hydroxide groups of the trans corner-sharing to octahedral AlO4(OH)2 chains 

can be found at 3651 cm
-1

 [17]. The formation of MIL-53(Al)-NH2 lt upon thermal 

treatment is confirmed by the absence of bands characteristic for CH3 (~3060 and 

2924 cm
-1

) and C=O (~ 1670 cm
-1

) groups of DMF molecules [9, 20]. After the reaction 

with benzoic anhydride, a new band can be observed at 1750 cm
-1

, which is indicative for 

the C=O stretch of the amide [21].  

 
Figure 4.2: IR spectra of MIL-53(Al)-NH2 before and after modification with benzoic 

anhydride. 
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The composition of MIL-53(Al)-NH2 was calculated from the empirical framework 

formula Al(OH)[C6H3NH2(COO)2]·0.9H2O. The composition for the anhydride modified 

sample was calculated assuming a 100 % transformation of the amine group into an amide 

using the empirical framework formula Al(OH)[C6H3(COO)2NHCOC6H5]·0.9H2O. 

However, while the values for MIL-53(Al)-NH2 are in good agreement with the theoretical 

carbon, hydrogen and nitrogen contents, the results for MIL-53(Al)-AM suggest that only 

20 % of the amine groups were converted into amide groups, which is in good agreement 

with the results obtained from IR and thermal decomposition.  

Table 4.1: Elemental analysis of MIL-53(Al)-NH2 and MIL-53(Al)-AM. 

 MIL-53(Al)-

NH2 

MIL-53(Al)-NH2 np 

calculated 

MIL-53(Al)-AM MIL-53(Al)-

AM calculated 

C / % 40.01 ± 0 40.15  42.17 ± 0.26 52.46  

H / % 3.27 ± 0 3.29  2.67 ± 0.01 3.46  

N / % 5.82 ± 0 5.85  5.11 ± 0.12 4.08  

The PXRD diffractogram of MIL-53(Al)-NH2 before and after modification with benzoic 

anhydride and the simulated pattern for the np and lp form of MIL-53(Al)-NH2 are shown 

in Figure 4.3. The good agreement of the experimental and theoretical diffractogram of the 

narrow pore phase, confirms the formation of MIL-53(Al)-NH2 with a high phase purity. 

The broadness of the peaks is related to the small crystallite size. The modification of the 

amine groups with benzoic anhydride results in a shift of the 2θ peaks above 10° to smaller 

angles. This shift could be due to the formation of an intermediate phase between the np 

and lp phases after the PSM. 

 
Figure 4.3: Comparison of the PXRD pattern of MIL-53(Al)-NH2, MIL-53(Al)-AM and 

the simulated diffraction patterns [10] for MIL-53(Al)-NH2 np and MIL-53(Al)-NH2 lp. 
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SEM pictures were taken in order to compare the morphology of MIL-53(Al)-NH2 before 

and after the modification with benzoic anhydride. The SEM pictures of MIL-53(Al)-NH2 

and MIL-53(Al)-AM are shown in Figure 4.4. MIL-53(Al)-NH2 forms elongated crystals 

of 0.2 to 1 μm. In contrast to this Kim et al. reported crystal sizes varying from 1 to 12 μm 

depending on the duration of the synthesis [13]. The extended reaction times in their work 

resulted in further crystal growth, hence bigger crystals. No changes in morphology or 

crystal size were observed after the PSM with benzoic anhydride. 

 

Figure 4.4: SEM images of MIL-53(Al)-NH2 (left) and MIL-53(Al)-AM (right). 

The thermal decomposition of MIL-53(Al)-NH2 (Figure 4.5a) is characterised by a two-

step weight loss. The first step corresponds to the release of approximately 0.75 H2O 

molecules within the pores, and the second weight loss is due to the decomposition of the 

framework. The framework structure is stable up to 410 °C, which is in good agreement 

with the literature data [9]. In this work, an Ar/air mixture was used for the combustion 

experiment. This resulted in a faster decomposition of the framework and in a higher 

weight loss relative to the literature profile which was measured under N2. MIL-53(Al)-

AM is characterized by a three-step weight loss. The first step corresponds to the release of 

H2O molecules within the pores, and the third weight loss is due to the decomposition of 

the framework. The second weight loss of 9.6 wt% between 150 °C and 410 °C correspond 

to the loss of the amide group. The result is in good agreement with the elemental analysis 

data and confirms the conversion of 20 % of the amine groups into amides. 

The N2 isotherm of MIL-53(Al)-AM at -196 °C is shown in Figure 4.5b. Despite several 

attempts to measure the N2 isotherm of MIL-53(Al)-NH2 using Tristar II 3020, the 

isotherm could not be completed within 48 h due the high microporosity of the material.
a
 

In contrast to this, Kim et al. measured the N2 adsorption/desorption isotherms on MIL-

                                                 
a
 Possible reasons for this include: (1) the setpoints (e.g. gas dosage) were not optimal and (2) the 

temperature could not be maintained at -196 °C beyond 48 h. 
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53(Al)-NH2 at -196 °C using a Micromeritics ASAP-2020 gas sorption analyser, which 

allows a more precise analysis of microporous materials [13]. For this reason, the results of 

the benzoic anhydride modified material are compared with literature data. Fitting the BET 

equation between relative pressures of 0.01 and 0.2 to the resulting N2 isotherm gives an 

estimated surface area of 21 m
2
 g

-1
 for MIL-53(Al)-AM. This value is significantly lower 

than the 937 m
2
 g

-1
 reported for MIL-53(Al)-NH2 [13]. Furthermore, the pore volume is 

reduced from 0.53 to 0.06 cm
3
 g

-1
 for MIL-53(Al)-AM. This result indicates that the PSM 

with benzoic anhydride is limited and suggests that the conversion of 20 % might be the 

maximal achievable modification. The isotherm shape of MIL-53(Al)-NH2 can be 

characterised as type I before (based on the literature isotherm) [22] and as type II after the 

modification with benzoic anhydride. At higher partial pressures a hysteresis is observed in 

the N2 isotherm of MIL-53(Al)-NH2, which is not present after the modification with the 

anhydride [9, 13]. These results are consistent with the almost complete pore filling after 

the PSM such that the pores are not accessible to N2. 

 
Figure 4.5: (a) Comparison of the thermal decomposition of MIL-53(Al)-NH2 and MIL-

53(Al)-AM with literature data [9]. (b) N2 isotherm on MIL-53(Al)-AM at -196 °C. 

4.2.3.2 Low pressure gas sorption measurements 

CO2 adsorption/desorption pseudo-isotherms of MIL-53(Al)-NH2 and MIL-53(Al)-AM at 

different temperatures are presented in Figure 4.6. The low pressure CO2 sorption 

measurements were conducted following the procedure described in Chapter  2.5.1. 

Increasing the CO2 pressure led to a rise in CO2 adsorption, whereas an increase in 

temperature resulted in a decrease in adsorption. The latter is consistent with the 

exothermic nature of the physisorption process, which causes a reduction in equilibrium 
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concentration of adsorbed species at higher temperatures. The CO2 adsorption in MIL-

53(Al)-NH2 was completely reversible, which suggests that CO2 was physisorbed rather 

than chemisorbed. As expected no phase transition from the vnp into the lp form was 

observed due to the CO2 partial pressure being well below 3 bar (see Chapter 4.2.1). After 

the PSM of MIL-53(Al)-NH2 the CO2 adsorption remained reversible, hence no change in 

the CO2 adsorption mechanism. 

 

 

Figure 4.6: CO2 adsorption (■)/desorption (□) isotherms on (a) MIL-53(Al)-NH2 and (b) 

MIL-53(Al)-AM. CO2 adsorption/desorption profile of (c) MIL-53(Al)-NH2 and (d) MIL-

53(Al)-AM. 

The PSM of MIL-53(Al)-NH2 resulted in a significant reduction in CO2 adsorption 

capacity from 7.96 wt% to 1.40 wt% at 0.5 bar and 25 °C. The CO2 adsorption capacity of 

MIL-53(Al)-NH2 at 0.5 bar and 25 °C is higher than those reported for MOF-177 

(2.36 wt%), IRMOF-3 (2.95 wt%) and ZIF-8 (2.76 wt%) [23]. MIL-53(Al)-NH2 prepared 
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by Kim et al. (Chapter 4.2.1), with a reaction time of 5 days at 130 °C, exhibited an uptake 

of 8 wt% at 1 bar (25 °C). This suggests that the CO2 capacity of MIL-53(Al)-NH2 

synthesised here (reaction time of 5 h at 150 °C) is potentially higher at 1 bar, than the 

reported 8 wt% [13]. The comparison with the PXRD of Kim et al. [13] suggests a better 

crystallinity for the MIL-53(Al)-NH2 synthesised here, which may explain the higher CO2 

adsorption capacity. 

The TGA profiles (Figure 4.6c and d) of both samples indicate good adsorption kinetics 

over the entire temperature and pressure range, consistent with the observed equilibrium 

adsorption. Due to the higher CO2 adsorption capacities at lower temperatures the cycling 

experiments were performed at 25 °C.  

4.2.3.3 Material stability during cycling processes under dry and wet conditions 

The CO2 working capacity and regenerability of MIL-53(Al)-NH2 before and after 

modification with benzoic anhydride were evaluated by monitoring pseudo-equilibrium 

adsorption uptakes over ten adsorption/desorption cycles under dry conditions and after the 

saturation with 1 vol% H2O vapour. The temperature and gas flow programs are shown in 

Chapter  2.5.3. To ensure the presence of MIL-53(Al)-NH2-vnp, the samples were activated 

under vacuum prior to the cycling experiments. 

The working capacities from the dry multicycle stability test are shown in Figure 4.7 as a 

function of cycle number. Under dry conditions MIL-53(Al)-NH2 shows good stability and 

regenerability, showing relative stable CO2 working capacities of 2.84 wt% to 3.03 wt%. 

The partial transformation of the amine groups of the organic linker molecules in MIL-

53(Al)-NH2 into amide groups, resulted in a severe decrease in working capacity 

(0.36 wt% to 0.45 wt%). This can be explained by the smaller pore volume available after 

the modification. Close examination of the TGA profiles showed that the equilibrium was 

achieved under the equilibration conditions (20 min) used in this work.  

The TGA profiles of the wet cycling experiment (Figure 4.8) show that the introduction of 

amide groups into the structure of MIL-53(Al)-NH2 results in a reduction of the H2O 

uptake from 7.87 wt% to 2.62 wt%. The TGA profile of MIL-53(Al)-AM (Figure 4.8d) 

exhibits an extra step during the H2O pre-treatment (t=0-200 min). Although the sample 

appears to have reached saturation after approximately 100 min, a second adsorption step 

can be seen after 120 min. This result suggests that a phase transformation might have 
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occurred, which is consistent with the intermediate phase observed in the PXRD (Figure 

 4.3). It appears the equilibrium adsorption was achieved within the allowed timeframe 

(20 min). 

 

 
Figure 4.7: CO2 working capacity at 25 °C and TGA profiles of MIL-53(Al)-NH2 and of 

MIL-53(Al)-AM under dry conditions. 

After the saturation with 1 vol% H2O vapour, MIL-53(Al)-NH2 nearly lost the ability to 

capture CO2 with working capacities varying between 0.00 and 0.12 wt%. In cycles four, 

six and nine no uptake was observed, but this is potentially due to the resolution of the 

instrument. The severe decrease in CO2 working capacity is a result of H2O molecules 

occupying adsorption sites that are available for CO2 under dry conditions. The higher 

hydrophobicity of the modified organic linker molecule in MIL-53(Al)-AM led to more 

stable CO2 working capacities uptake over the 10 cycles between 0.05 and 0.10 wt%. 

However, in comparison with the results obtained under dry cycling conditions, the CO2 

uptake was further decreased.  
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Figure 4.8: CO2 working capacity at 25 °C and TGA profiles of MIL-53(Al)-NH2 and of 

MIL-53(Al)-AM under wet conditions. 

The material stability after the wet cycling process was confirmed by PXRD. A 

comparison of the diffractogram before and after wet cycling on MIL-53(Al)-NH2 and 

MIL-53(Al)-AM is shown in Figure 4.9. Due to the small amount of sample used in the 

cycling experiment, the PXRD were measured using the low silicon sample holder by 

mounting the samples with ethanol. This results in a decrease in the intensities of the 

peaks. Thus, the intensities of MIL-53(Al)-AM after the wet cycling experiments were 

multiplied by 50 for a better comparison. It can be seen that the diffraction patterns 

obtained after wet cycling are in good agreement with the initial diffractograms, indicating 

good hydrothermal stability of the framework. 
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Figure 4.9: PXRD pattern of (a) MIL-53(Al)-NH2 and (b) MIL-53(Al)-AM before (black) 

and after (blue) the wet cycling experiments. 

4.2.4 Conclusion 

MIL-53(Al)-NH2 is a potential adsorbent for post-combustion carbon capture, due to good 

stability and regenerability under dry cycling conditions. However, due to the presence of 

H2O in flue gas, a pre-treatment step would be required to remove the H2O prior to the 

capture process. Despite the MIL-53(Al)-NH2 framework being in the vnp form during the 

sorption and cycling studies, much higher adsorption (7.96 wt% at 0.5 bar and 25 °C) and 

working capacities (~3 wt% at 25 °C) were obtained under dry conditions compared to 

those (≤ 1 wt% at 25 °C) obtained for the MOFs containing CUS (MIL-100(Fe), MIL-

101(Cr)-NH2, MIL-101(Al)-NH2 and STA-16(Co)) discussed in Chapter 3. The PSM with 

benzoic anhydride was successfully achieved and resulted in an improvement of the 

working capacities during the wet cycling experiment compared to those observed for 

MIL-53(Al)-NH2. However, decreases in CO2 adsorption capacity and working capacity 

under dry cycling conditions were also observed due to the smaller pore volume in 

comparison with MIL-53(Al)-NH2.  
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5 Effect of flue gas contaminants 

5.1 Chapter overview 

In previous chapters, a series of MOFs were evaluated for the potential for carbon capture, 

based on their CO2 uptakes and their regenerability in dry and wet cycling experiments. 

However, in real flue gas impurities are present that might have an impact on the sorbent 

stability and the CO2 capacity. 

This chapter contains two papers including supplementary information that investigate the 

effect of the flue gas contaminants NO, NO2 and SO2 on the stability and CO2 sorption 

ability. A series of screening and cycling tests were performed to determine the impact of 

these contaminants on the CO2 uptakes. Furthermore, insights in the framework stability 

and the sorption mechanism were sought by PXRD and FTIR studies.  

The first paper studies the effect of metal cations and amine groups on the stability and 

performance in the presence of the flue gas contaminants. The MOFs chosen for this paper 

include MIL-101(Cr), MIL-101(Cr)-NH2 and MIL-101(Al)-NH2. The presence of Cr(III) 

centres and the absence of amine groups was found to provide better chemical stability. All 

frameworks were partially decomposed and the CO2 capacities were diminished in the 

presence of contaminants, due to their progressive accumulation. 

For the second paper, MIL-100(Fe), MIL-53(Al)-NH2 and STA-16(Co) were selected in 

order to determine the effects of CUS, the flexibility and the nature of the ligands 

(carboxylate vs. phosphonate) on the sorption of NO, NO2 and SO2. PXRD studies 

revealed a decrease in intensity, due to a loss in long-range crystallographic ordering or 

due the collapse of the MOF structures. The flexibility of MIL-53(Al)-NH2 was found to 

be beneficial for the complete desorption of 5000 ppm NO2 upon heating at 110 °C in 

flowing Ar. In contrast to this, the rigid MOFs containing CUS were found to chemisorb 

NO2 resulting in an irreversible adsorption of the contaminant especially at higher 

contaminant concentrations. Deteriorated CO2 capacities and crystallinities were observed 

in the presence of NO, NO2 and SO2, which suggests that the removal of these 

contaminants prior to the capture process will be required. 
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5.2 Effect of flue gas contaminants on the stability and the post-combustion 

CO2 capture in MIL-101 frameworks 
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5.2.1 Abstract 

The effect of the flue gas contaminants NO, NO2 and SO2 on the stability of MIL-101(Cr), 

MIL-101(Cr)-NH2 and MIL-101(Al)-NH2 and their potential to facilitate CO2 capture by 

adsorption were investigated. PXRD and FTIR studies of the samples after each had been 

individually exposed to 10000 ppm of contaminant, at both room and elevated 

temperatures (50 °C or 80 °C), were conducted in order to determine possible adsorption 

sites and the impact on the stability of the frameworks. By separately heating the MOFs 

from 20 to 110 °C under an Ar/contaminant (5000 ppm) mixture, the temperature range in 

which NO, NO2 and SO2 are adsorbed was determined to be 50 to 75 °C for NO and SO2 

and 80 °C for NO2. The effect of different concentrations (500 ppm (NO, NO2), 2000 ppm 

(SO2) and 5000 ppm (NO, NO2, SO2) was investigated by individually varying the partial 

pressure of the contaminants between 0 and 500 or 2000 or 5000 ppm at 25 °C in five 

cycle experiments. The impact of 500 ppm NO/NO2 and 2000 ppm SO2 on the CO2 

capture ability was evaluated by conducting five cycle experiments under an 

Ar/CO2/contaminant atmosphere, then comparing the results to the CO2 working capacities 

obtained by varying the CO2 partial pressure between 0.05 to 0.15 bar. The loss in long-

range crystallographic ordering or the partial/complete collapse of the frameworks as well 

as the diminished CO2 capacities due to the accumulation of the contaminants makes the 

removal of NO, NO2 and CO2 a necessity if these sorbents are considered for post-

combustion capture. 

5.2.2 Introduction 

Anthropogenic greenhouse gas emissions have been reported to be the main contributor to 

global warming and climate change [1-3]. Of these, CO2 which is produced by the 

combustion of coal (43 %), oil (36 %) and natural gas (20 %) comprises the vast majority 
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[4]. Strategies to reduce anthropogenic greenhouse gas emissions, and in particular CO2 

emissions, are thus being considered, especially given that power generation via fossil fuel 

combustion is only projected to increase in the near future [5]. One possible strategy is 

carbon capture and storage (CCS) using metal organic frameworks (MOFs), which are 

nanoporous materials consisting of metal ions or clusters coordinated by organic bridging 

ligands [6, 7]. MOFs have attracted tremendous attention during the past decade and are 

attractive for the capture of CO2 due to their tuneable pore sizes and topologies [8-13]. 

MOFs containing coordinatively unsaturated sites (CUS) are of particular interest for 

carbon capture as these Lewis acid sites can selectively adsorb CO2 from CO2/N2 and 

CO2/CH4 mixtures [14-18].  

One of the most extensively studied MOFs containing CUS is HKUST-1 

[Cu3(C6H3(CO2)3)2(H2O)3] [19]. The paddle-wheel moiety of HKUST-1 is built up by 

dimeric copper octahedra, each of which are coordinated to four carboxylate 

functionalities, one from each of four ligated 1,3,5-benzenetricarboxylate moieties, leaving 

one CUS on each copper atom [20]. The framework preferentially adsorbs CO2 into the 

smaller of the two interconnected cages [21] and exhibits a CO2 adsorption capacity of 

55.89 wt% at 25 °C and 15 bar [22]. In a pressure swing adsorption process (PSA), the 

working capacity in the hydrated form of HKUST-1 was determined to be 35.65 wt%, 

which is almost four times higher than in zeolite 13X (9.68 wt%) [22].  

While numerous studies have focused on the sorption of CO2 and N2 in MOFs [17, 23-27], 

little is known about the effect of flue gas contaminants on their structures and their CO2 

capacities. The flue gas contaminants SOx and NOx are of special interest, when evaluating 

adsorbents for post-combustion CO2 capture. Flue gas from Australian brown coal power 

plants, which do not utilise independent removal processes for SOx and NOx, contains 

approximately 1800 ppm SOx and 500 ppm NOx [28]. These contaminant concentrations 

are higher than those in flue gas from power stations in the USA and in most power 

stations in Europe, because in USA and Europe the concentrations of these contaminants is 

lowered by desulphurisation (FGD) and NOx removal. The emission of these contaminants 

is responsible for the formation of acid rain and it is therefore necessary to capture these 

during the post-combustion process [29]. Reduced adsorbent lifetime and increased 

capture costs are a result of the irreversible adsorption of the flue gas contaminants in most 

sorbents such as zeolite NaX [30], APTS-SBA-15 (APTS: γ-(aminopropyl)-
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triethoxysilane) [31], MCM-41-PEI-50 (“molecular basket”) [32] and calcium oxide [33, 

34]. 

Recent computational studies on the effect of flue gas impurities include GCMC 

simulations and molecular modelling on MOFs containing CUS [21, 35]. Ding et al. 

performed GCMC simulations on HKUST-1 and MOF-74, which indicated no change in 

CO2 capacity with increasing NO and NO2 concentrations, while a decrease was observed 

with increasing SO2 concentration due to the higher selectivity towards SO2 than CO2 [21]. 

MOF-74 is characterised by a honeycomb structure with one-dimensional channels [36], in 

which SO2 is occupying preferential adsorption sites of CO2 and therefore reducing the 

CO2 capacity significantly [21]. In contrast to this, SO2 is adsorbed into the smaller cages 

of HKUST-1, while CO2 that is not adsorbed in the small cage can be adsorbed on the 

CUS in the larger cage [21]. The presence of CUS has been shown to be beneficial for the 

storage of NO in HKUST-1. From the 9 wt% of NO adsorbed at 25 °C and 1 bar only 

2.4 wt% were desorbed by lowering the pressure to almost 0 bar [37]. 

 

Figure 5.1: Crystal structure of MIL-101(Cr). Hybrid supertetrahedra (left) and one unit 

cell of MIL-101(Cr) presenting both cages (right). Ball and stick view (Cr octahedra: 

green, C: grey and O: red, H: omitted) [38]. 

The MOFs MIL-101(Cr), MIL-101(Cr)-NH2 and MIL-101(Al)-NH2 similarly provide 

CUS and so are also of interest for CO2 capture. Furthermore, MIL-101(Cr)-NH2 and MIL-

101(Al)-NH2 also incorporate amine groups which are well known to facilitate CO2 

sorption [39-41]. The framework structure of MIL-101 (Figure 5.1) is built from trimers of 

metal(III) oxide octahedra which are arranged to form a supertetrahedral building block 

[42]. Within this supertetrahedral unit, each corner is occupied by the trimeric unit 
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connected to each other by terephthalic acid or 2-aminoterephthalic acid ligands, which are 

located on each face [43]. The hybrid supertetrahedra further assembles into a zeotypic 

mesoporous MOF reminiscent of the MTN topology (related to zeolite ZSM-39) [42, 44]. 

The corresponding three-dimensional framework exhibits two types of cavity. The medium 

cavity is delimited by 12 pentagonal rings defining a dodecahedral cage, while the large 

cavity is delimited by 12 pentagonal rings and 4 hexagonal rings leading to a 

hexakaidodecahedron [42, 43, 45]. These two cages are assessable through microporous 

windows of 1.2 and 1.6 nm.[42, 44] The BET surface areas decrease in the order MIL-

101(Cr) (2944 [46]/4230 m
2
 g

-1 
[47])> MIL-101(Al)-NH2 (2649 m

2
 g

-1
) [41] > MIL-

101(Cr)-NH2 (2269 m
2
g

-1
) [48]. Depending on the synthetic conditions, the total pore 

volumes vary from 2.15 [47] and 2.57 cm
3
 g

-1 
[46] for MIL-101(Cr), from 1.80 [48] to 

2.26 cm
3
 g

-1 
[49] for MIL-101(Cr)-NH2 and from 0.75 [44] to 1.58 cm

3
 g

-1 
[41] for MIL-

101(Al)-NH2. 

CO2 adsorption has been investigated in MIL-101(Cr), which contains coordinatively 

unsaturated Cr
3+ 

sites resulting in high CO2 adsorption capacities (73.94 wt%, 25 °C, 

15 bar) and a CO2/N2 selectivity of approximately 9 [23]. Experimental studies on MIL-

101(Cr) by Liu et al. showed a gradual decrease in CO2 capacity with increasing the NO 

concentration from 0 to 2000 ppm, which can be explained with the strong interaction of 

the NO with the coordinatively unsaturated sites (CUS). The adsorption of SO2 was found 

to have a small impact on the CO2 adsorption due to the lack of ligation to the CUS [50]. 

The potential of MIL-101(Cr)-NH2 for post-combustion carbon capture was investigated 

by Khutia and co-worker. The high CO2/N2 selectivity of 100/1 at 25 °C and high 

adsorption capacities of 6.4 wt% at 25 °C and 0.2 bar make the material a suitable 

candidate for capture applications [51]. Serra-Crespo et al. suggested that MIL-101(Al)-

NH2 could be a potential candidate for natural gas and biogas upgrading due to a high 

CO2/CH4 selectivity between 3 to 5 and an acceptable CO2 adsorption capacity of 

61.61 wt% at 25 °C and 30 bar [44]. While these studies focus on the selective adsorption 

of CO2, the impact of flue gas contaminants on the CO2 capacities and framework 

stabilities have not been investigated. 

In this study, the MOFs MIL-101(Cr), MIL-101(Cr)-NH2 and MIL-101(Al)-NH2 were 

synthesised as previously discussed [46, 48] and the effect of NO, NO2 and SO2 on the 

framework stability and CO2 capture ability was investigated. The adsorption of 

concentrated flue gas contaminants (10000 ppm) at different temperatures and the 
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following powder X-ray diffraction (PXRD) and Fourier transform infra-red spectrometry 

(FTIR) measurements allowed the evaluation of the framework stabilities and possible 

adsorption mechanisms. The range of temperatures over which these flue gas contaminants 

were adsorbed, was determined by heating the samples in the presence of contaminant 

(5000 ppm) from 20 to 110 °C. Five cycles of adsorption and desorption using 5000 ppm 

and the concentrations relevant to flue gas (NO, NO2: 500 ppm and SO2: 2000 ppm) were 

conducted at 25 °C to study the effect of different concentrations. The impact of these 

contaminants on the CO2 adsorption/desorption was investigated by the comparison of 

CO2 and CO2/contaminant cycling data, in which the CO2 partial pressure was varied 

between 0.05 and 0.15 bar and the contaminant between 0 and 500 ppm for NO and NO2 

and between 0 and 2000 ppm for SO2.  

5.2.3 Experimental section 

5.2.3.1 Synthesis of MOFs 

5.2.3.1.1 Chemicals 

AlCl3·6H2O (99 %, Sigma Aldrich), 2-aminoterephthalic acid (99 %, Sigma Aldrich), 

Cr(NO3)3·9H2O (99 %, Sigma Aldrich), DMF (GR grade, Merck), ethanol (≥ 99.7 %, 

Merck), terephthalic acid (98%, Sigma Aldrich), argon (high purity, Air Liquide), carbon 

dioxide (Food grade, Coregas), 1 % nitric oxide in argon (Air Liquide), 1% nitrogen 

dioxide in argon (Air Liquide) and 1 % sulphur dioxide in argon (Air Liquide). 

 All reagents were used without further purification. 

5.2.3.1.2 Synthesis of MIL-101(Cr) 

Bulk MIL-101(Cr) was synthesized by a procedure akin to that reported by Jiang et al. 

[46]. 

9.6 mL H2O was added to 0.80 g (2.00 mmol) Cr(NO3)3∙9H2O and 0.33 g (1.99 mmol) 

terephthalic acid. After stirring for 10 min at room temperature, the suspension was heated 

in a Teflon® lined autoclave at 220 °C for 8 h. The autoclave was allowed to cool, before 

the recrystallized terephthtalic acid was removed by filtration. The mixture was then 

centrifuged at 6000 rpm for 5 min. The green powder was isolated and washed three times 

with ethanol. The product was treated with hot ethanol at 80 °C for 4 h followed by 

treatment with hot 30mM NH4F at 60 °C for 5 h. MIL-101(Cr) was washed with hot H2O 

in order to remove residual NH4F. 
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5.2.3.1.3 Synthesis of MIL-101(Cr)-NH2 

MIL-101(Cr)-NH2 was synthesised by the method described elsewhere [48], which was 

adapted from that reported by Jiang et al. [49] The solvothermal synthesis was conducted 

in a Teflon lined autoclave at 130 °C for 24 h.  

5.2.3.1.4 Synthesis of MIL-101(Al)-NH2 

The synthesis of MIL-101(Al)-NH2 was reported previously [41] and is in accord with the 

method reported by Hartmann et al. [45] In a typical synthesis, a solution of 2-

aminoterephthalic acid in DMF was heated to 110 °C and AlCl3·6H2O was added in seven 

equal portions. After the last addition the mixture was stirred for 3 h, before the stirrer was 

switched off and the temperature was kept at 110 °C for another 16 h. MIL-101(Al)-NH2 

was purified via Soxhlet extraction in ethanol. 

5.2.3.2 Characterisation of the MOFs 

The validation of the framework structures, MIL-101(Cr)-NH2 [48] and MIL-101(Al)-NH2 

[41], via elemental analysis, helium density, N2 adsorption and desorption measurements 

at -196 °C, FTIR, PXRD and TGA were reported previously. The formation of MIL-

101(Cr) was confirmed by PXRD, augmented by N2 adsorption and desorption 

measurements at -196 °C, which are presented in the supplementary material. 

5.2.3.3 Exposure to concentrated flue gas contaminants 

5.2.3.3.1 Flue gas contaminant screening test 

A Setaram TAG 24-16 simultaneous symmetrical thermoanalyser was used to measure the 

change in mass (TGA) of the samples as they were subjected to impurities over a heat 

ramp. 

Samples were first activated in-situ by heating them in Ar to 110 °C, then maintaining 

them at 110 °C for 1 h, before they were then cooled to 20 °C. The thermoanalyser was 

then allowed to equilibrate, still in flowing Ar, for approximately 30 min before the 

Ar/impurity mixtures were switched on. A heating rate of 2 °C min
-1 

was then applied to 

slowly heat the samples to 110 °C in the presence of dilute (5000 ppm) NO, NO2 or SO2 in 

Ar mixtures. After 30 min at 110°C, the Ar/impurity mixture was replaced by pure Ar. The 

temperature program is shown in Figure 5.2. 
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Figure 5.2: Thermo-gravimetric analysis process conditions for the flue gas contaminant 

screening tests. 

5.2.3.3.2 PXRD and FTIR studies after the exposure to 10000 ppm of contaminant 

A VacPrep 061 degasser from Micromeritics was used to expose the samples to 

10000 ppm of NO, NO2 and SO2. The gases used in the following experiment were purged 

through a gas delivery tube over the samples in a partially sealed vial. Prior to the 

adsorption process, all samples were degassed at 110 °C under vacuum and the initial 

sample mass was recorded. Approximately 100 to 200 mg of sample was heated under 

flowing Ar to 110 °C in order to remove any residual moisture. After holding the 

temperature for 1 h, the samples were cooled down to room temperature, before the Ar was 

replaced by the Ar/impurity mixture (1 % impurity in Ar). The flow rate was set to 

25 mL min
-1

 for the first 20 min, after which it was reduced to 5 mL min
-1

. The samples 

were treated with the impurity for 1 h, before the vial was capped and the sample mass was 

recorded. A small part of each sample was transferred into a separate vial for further 

characterisation by FTIR and PXRD. In a second set of experiments, the remaining sample 

was heated at 50 °C (NO, SO2) or 80 °C (NO2) in the presence of the Ar/impurity mixture.  

Powder X-ray diffraction was measured via a Bruker D8 Focus powder diffractometer 

using CuKα radiation (λ=1.5418 Å). PXRD experiments were carried out on the samples at 

ambient laboratory conditions before and after the sorption of the impurities. The 2θ range 

was set to 1 to 30° with a scan speed of 0.5 ° min
-1

. 

Fourier transform infra-red (FTIR) spectrometry was conducted via an Agilent Cary 630 

Diamond ATR in the spectral range of 4000 to 700 cm
-1

 at ambient laboratory conditions. 
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5.2.3.4 Sorption of flue gas contaminants 

A Setaram TAG 24-16 simultaneous symmetrical thermoanalyser was used to measure the 

change in mass (TGA) of the samples as they were subjected (a) to impurities by varying 

the partial pressures between 0 and 5000/2000/500 ppm in five cycle experiments (Section 

5.2.3.4.1) and (b) to impurities and CO2 by varying the partial pressure between 0 and 

500/2000 ppm (impurities) and between 0.05 and 0.15 bar (CO2) during five cycle 

experiments (Section 5.2.3.4.2). Additionally, the samples were exposed to CO2 by 

varying the partial pressure between 0.05 and 0.15 bar during ten cycle experiments 

(Section 5.2.3.4.2). A total flow rate of 70 mL min
-1

 (e.g. 35 mL min
-1

 sample gas and 

35 mL min
-1

 on the reference side of the balance) was applied to all experiments. Detailed 

descriptions of the gas and temperature programs are given as follows. 

5.2.3.4.1 Flue gas contaminant cycling experiments 

The temperature and gas program for the flue gas contaminant cycling is shown in Figure 

5.3a. 10-20 mg of each MOF was first activated under Ar at 110 °C for 1 h, before they 

were cooled to 25 °C. The thermoanalyser was then allowed to equilibrate for 

approximately 40 min after which five cycles of adsorption/desorption were carried out by 

varying the concentration of the impurities between 0 and 500 ppm and between 0 and 

5000 ppm for NO and NO2. Due to the higher concentration of SO2 in flue gas, the 

concentration was varied between 0 and 2000 ppm and between 0 and 5000 ppm. The 

equilibration time for each adsorption and desorption step was set to 20 min. After the last 

cycle, the temperature was maintained for 40 min under Ar, before the samples were 

heated to 110 °C in Ar atmosphere in order to desorb the impurities. 

5.2.3.4.2 Flue gas contaminant cycling in the presence of CO2 

The temperature and gas program for the cycling experiments in the presence of the 

impurities is presented in Figure 5.3b. The samples were activated akin to the procedure 

described for the flue gas contaminant cycling experiment. Five cycles of 

adsorption/desorption were carried out by varying the CO2 partial pressure between 0.05 

and 0.15 bar and by varying the impurity concentration from 0 to 500 ppm for NO and 

NO2 or from 0 to 2000 ppm for SO2, allowing 20 min equilibration time for each 

adsorption and desorption step. The temperature of 25 °C was maintained for 40 min in Ar 

atmosphere, after which the samples were heated to 110 °C. 
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CO2 cycling experiments were performed in a similar manner as described above. After 

activating and cooling the samples in Ar, five cycles of adsorption and desorption were 

carried out by varying the partial pressure of CO2 between 0.05 and 0.15 bar.  

 
Figure 5.3: Thermo-gravimetric analysis process conditions used for the (a) Flue gas 

contaminant cycling experiments, and the (b) Flue gas contaminant cycling in the presence 

of CO2 experiments. 

5.2.4 Results and discussion 

5.2.4.1 Exposure to concentrated flue gas contaminants 

Thermogravimetric analysis of MIL-101(Cr), MIL-101(Cr)-NH2 and MIL-101(Al)-NH2 

was first conducted to determine the range of temperatures in which a mass change 

occurred upon exposure to 5000 ppm of NO, NO2 and SO2 individually. In separate 

experiments, each MOF was treated with 10000 ppm of NO, NO2 or SO2 at different 

temperatures (room temperature and 50 or 80 °C) in order to obtain a better understanding 

of the adsorption mechanism and the effect of flue gas contaminants on the framework 

stability. The changes in structure were then recorded by FTIR and PXRD. The 

concentration of 10000 ppm was expected to give rise to stronger bands in the FTIR 

spectra and also more significant changes in the diffractograms compared to typical 

concentrations of NO, NO2 (500 ppm) and SO2 (1800 ppm). The results of the PXRD and 

FTIR studies are discussed in the next two sections. 

5.2.4.1.1 Flue gas contaminant screening tests 

Figure 5.4 shows the mass variations observed as each of the samples were separately 

heated with a heating rate of 2 °C min
-1

 from 20 to 110 °C under an Ar/contaminant 
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atmosphere and then held at 110 °C for 80 min. After 30 min at 110 °C, the 

Ar/contaminant mixture was replaced by pure Ar. 

The results of the screening tests using NO (Figure 5.4a) show that each sorbent initially 

gained mass and then subsequently lost all of the mass gain along the heat ramp.
a
 This is 

consistent with the adsorption of NO and its subsequent desorption from each of the 

MOFs. The mass uptake maxima decreased in the order MIL-101(Cr) (0.18 mol NO per 

mol CUS) > MIL-101(Cr)-NH2 (0.15 mol NO per mol CUS) > MIL-101(Al)-NH2 

(0.11 mol NO per mol CUS) occurring at 55, 75 and 50 °C, respectively. The difference in 

temperature required for maximum mass uptake was presumably due to slight differences 

in adsorption energy between the MOFs examined. The temperature for the exposure to 

10000 ppm NO (Section 5.2.4.1.2 and Section 5.2.4.1.3) was therefore selected to be 

50 °C, as at this temperature, each sorbent exhibited a near maximum weight gain. The 

near-quantitative desorption of the NO for each MOF, just a little further along the heat 

ramp suggests that the adsorption/desorption can be classified as a physisorption rather 

than a chemisorption process.  

The results of the screening tests using NO2 (Figure 5.4b) show that each sorbent initially 

gained mass up to 80 °C, which correspond to 0.31, 0.21 and 0.17 mol NO2 per mol CUS 

for MIL-101(Cr), MIL-101(Cr)-NH2 and MIL-101(Al)-NH2, respectively. For this reason 

the subsequent exposure to 10000 ppm of NO2, discussed in the next section, was 

conducted at 80 °C. This gain in mass is consistent with the adsorption of NO2. Beyond 

80 °C MIL-101(Cr)-NH2 and MIL-101(Al)-NH2 exhibited mass loss further along the heat 

ramp consistent with the partial desorption of NO2; however, MIL-101(Cr) did not. These 

results suggest that in each case some of the NO2 becomes chemisorbed into the structure. 

At temperatures above 80 °C, MIL-101(Cr) exhibited constant mass over the remainder of 

the heat ramp as well as for the subsequent isothermal portion of the experiment, 

suggesting that 0.86 mmol g
-1

 is the amount of NO2 that can be chemisorbed within this 

framework. The results of the screening tests with NO2 imply that the interaction with 

MIL-101(Cr) was stronger than for the amine modified frameworks, due to the lack of any 

desorption.  

                                                 
a
 The small net mass loss for MIL-101(Al)-NH2 is potentially due to the collapse of the framework as will be 

discussed in Section 5.2.4.1.3. The inopportune TG noise in the TGA profile of the NO screening at 117 °C 

(t>52 min) suggests that the blank measurement should be repeated. The apparent mass gain of MIL-101(Cr) 

at 117 °C (t>52 min) could potentially be due to electronic noise or due to the occurrence of a second 

adsorption step. 
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Figure 5.4:TGA of exposure of MIL-101(Cr) (red), MIL-101(Cr)-NH2 (green) and MIL-

101(Al)-NH2 (blue) to atmospheres comprising 5000 ppm of (a) NO, (b) NO2 and (c) SO2 

over a heat ramp from 20 to 110 °C with a heating rate of 2 °C min
-1

. 

The results of the screening tests using SO2 (Figure 5.4c) show that each sorbent initially 

gained mass consistent with the adsorption of SO2. The maximum in mass gain (0.21 mol 

SO2 per mol CUS) was observed at 50 °C in MIL-101(Cr), which was followed by the 

complete loss of all mass gained over the remainder of the heat ramp and constant mass 

after the isothermal period was reached. MIL-101(Al)-NH2 behaved similarly and 

exhibited a maximum mass gain of 0.08 mol SO2 per mol CUS.
a 

The complete desorption 

of SO2 in MIL-101(Cr) and MIL-101(Al)-NH2 suggests that adsorption proceeded via a 

physisorption rather than a chemisorption process, as observed for NO. However, the SO2 

screening test on MIL-101(Cr)-NH2 showed an initial gain of 0.21 mmol g
-1

 (0.08 mol SO2 

per mol CUS) up to 50 °C, followed by a mass loss of 0.06 mmol g
-1

 up to 90 °C and then 
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a further mass uptake that extended beyond the heat ramp throughout the duration of the 

isothermal period under the Ar/SO2 atmosphere. After the change to pure Ar (t = 65 to 

125 min, not shown here) a slow mass loss of approximately 0.08 mmol g
-1

 was observed 

during the remaining duration of the isothermal period. This result indicates a possible 

change in adsorption mechanism from physisorption (T ≤ 50 °C) to chemisorption (T ≥ 

90 °C) of SO2 in MIL-101(Cr)-NH2. 

It can therefore be concluded that the adsorption mechanism is strongly dependent on the 

contaminant and, in the case of SO2 adsorption in MIL-101(Cr)-NH2, also on the 

temperature. In most cases, NO and SO2 were physisorbed into all sorbents, while NO2 

was chemisorbed. Furthermore, the gain in mass was dependent on the pore volumes of the 

MOFs with the highest mass change being observed in MIL-101(Cr) after the screening 

tests with NO, NO2 and SO2. 

5.2.4.1.2 FTIR studies 

The IR spectra obtained for the frameworks before and after separate exposure to 

10000 ppm NO, NO2 and SO2 at both ambient and elevated temperatures are shown in 

Figure 5.5 in the range of 1700 to 700 cm
-1

. The FTIR spectra after each screening test are 

presented in the supplementary information. 

Characteristic absorption bands for MIL-101(Cr) (Figure 5.5a) include: (1) the C=O 

stretch [52] at 1631 cm
-1

, (2) the aromatic C=C stretch [50] 1510 cm
-1

, (3) the O-C-O 

stretch [50] at 1398 cm
-1

and (4) the C-H deformation stretch [50] at 1167, 1017, 884 and 

742 cm
-1

. The exposure to NO and SO2 had no obvious impact on these absorption modes 

at both room temperature and 50 °C. Furthermore, the absence of any additional bands 

indicates the physisorption of these contaminants rather than chemisorption, which is 

consistent with the results obtained of the screening tests. The exposure to NO2 induced a 

loss of the mode of IR absorbance at 1631 cm
-1

 (especially at 80 °C), which corresponds to 

the C=O stretch. This result suggests that NO2 is interacting with the framework structure. 

This was further confirmed by the appearance of two new bands at 1571 and 1217 cm
-1

, 

which were more pronounced after exposure to NO2 at 80 °C and are characteristic for 

chelating bidentate nitrate species [53]. Additionally, two new bands developed at 988 and 

792 cm
-1

, which can be assigned to symmetric stretching [54] and bending [55] of NO2 

molecules. Thus, the FTIR results are in good agreement with suggestions from the 

screening tests that NO2 is chemisorbed onto MIL-101(Cr).  
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─MOF ─NO RT ─NO 50 °C ─NO2 RT ─NO2 80°C ─ SO2 RT ─ SO2 50 °C 

Figure 5.5: FTIR spectra of (a) MIL-101(Cr), (b) MIL-101(Cr)-NH2 and (c) MIL-101(Al)-

NH2 before and after treatment with 10000 ppm of contaminant at room (RT) and more 

elevated temperature. (d) Comparison of FTIR spectra before and after NO2 treatment on 

MIL-101(Cr)-NH2 and MIL-101(Al)-NH2 with BDC-NH2.  

Figure 5.5b shows the IR spectra of MIL-101(Cr)-NH2 before and after exposure to each 

contaminant. The characteristic absorption bands in MIL-101(Cr)-NH2 are: (1) the 

asymmetrical and symmetrical stretch of NH2 at 3495 and 3376 cm
-1

 (2) the N-H bend [56] 

at 1617 cm
-1

, (3) the symmetric C=O stretch [52] at 1587 cm
-1

, (4) the aromatic C=C 

stretch [50] 1502 cm
-1

, (5) the O-C-O stretch [50] at 1387 cm
-1

 and (6) the C-N stretch [56] 

at 1338 cm
-1

 and (7) the C-H deformation stretching vibrations [50] at 1163, 1025, 883 and 

764 cm
-1

. The exposure to NO induced a change in absorbance modes at 1587 cm
-1

 and 

1387 cm
-1

, which were more pronounced after treatment at 50 °C. However, no additional 

bands were observed, which is consistent with physisorption rather than chemisorption of 
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NO onto the CUS at both room temperature and 50 °C and is also consistent with the 

results of the screening experiments. The exposure to NO2 resulted in changes in the IR 

absorbance modes at 1587 cm
-1

and 1338 cm
-1

. The change in the IR absorption 

corresponding to the C=O stretch was more pronounced than after exposure to NO, which 

is consistent with the higher mass uptake of NO2 (0.55 mmol g
-1

 at 80 °C) compared to NO 

(0.41 mmol g
-1

 at 75 °C). Additionally two new bands appeared at 1571 and 1217 cm
-1 

which indicate the formation of chelating bidentate nitrate species [53] and therefore the 

chemisorption of NO2 onto the CUS. In the case of SO2, a change in the absorption mode 

at 1587 cm
-1

 was observed, which was less pronounced than for NO and NO2. This is 

consistent with the lower mass uptake observed during the screening experiments and 

indicates the physisorption of SO2. No new peaks suggestive of chemisorption were 

observed after the exposure to SO2 at room temperature or at 50 °C. However, since the 

results in the screening tests suggest some retention of SO2 at 117 °C, the exposure 

experiment should be conducted again at higher temperature to verify if chemisorption 

takes place. 

The IR spectrum of MIL-101(Al)-NH2 (Figure 5.5c) exhibited the following characteristic 

bands: (1) the asymmetrical and symmetrical stretch of NH2 [45] at 3450 and 3354 cm
-1

 

(2) the N-H bend [56] at 1621 cm
-1

 (3) the symmetric C=O stretch [52] at 1576 cm
-1

, (4) 

the O-C-O stretch [50] at 1387 cm
-1

 and (5) the C-N stretch [56] at 1337 cm
-1

. The changes 

in FTIR absorption observed for MIL-101(Al)-NH2 following exposure to NO and NO2 

(especially at 50 or 80 °C) exhibited different behaviour from MIL-101(Cr) and MIL-

101(Cr)-NH2. There was an apparent reduction in the intensity of the absorption centred at 

1576 cm
-1

 accompanied by broadening of the band. These results suggest that a change in 

structure is taking places, which is more pronounced in the presence of NO2 and is 

consistent with the higher mass change during the screening tests. A change in absorption 

mode at 1253 cm
-1

 as well as the appearance of two new bands at 1547 and 1213 cm
-1

, 

observed upon exposure to NO2, can, again, be assigned to the chemisorption of NO2 as a 

chelating bidentate nitrate species [53]. The comparison of both spectra, after NO2 

exposure, with the FTIR spectrum of 2-aminoterephthalic acid (Figure 5.5d) revealed 

similar features and therefore the decomposition of the framework structure, especially at 

80 °C). This would also explain the colour change from yellow to ochre, which was not 

observed upon separate exposure to NO and SO2. The exposure to 10000 ppm of SO2 did 

not result in any obvious changes in the IR spectra at both room temperature and 50 °C. 
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This was also observed for MIL-101(Cr) and is consistent with the physisorption of this 

contaminant at these temperatures.
 

In contrast to the results discussed above, no obvious changes were observed in the FTIR 

spectra after the individual screening tests (supplementary information). The smaller 

contaminant concentration of 5000 ppm used during the screening tests as well as the 

complete or partial desorption of each contaminant (obtained during Ar/contaminant flow 

and/or during the final Ar purge at 117 °C) could account for the lack of changes in the 

absorption modes. The remainder of NO2 (in all frameworks) and SO2 (in MIL-101(Cr)-

NH2) might be too small to be detected.   

5.2.4.1.3 PXRD studies 

Intensity data obtained for each of the MOFs after the exposure to the contaminants were 

multiplied by 5 to facilitate comparison with the more intense data obtained for the fresh 

materials. As discussed above, a colour change was only obtained after subjecting MIL-

101(Al)-NH2 to NO2. In all other cases, the colour remained unchanged. PXRD data for 

the samples after each individual screening test are shown in the supplementary 

information. 

The powder X-ray diffractograms of MIL-101(Cr) before and after separate exposure to 

the contaminants are shown in Figure 5.6a. A decrease in intensities was observed after the 

adsorption of all contaminants. These results suggest that either a loss in long-range 

crystallographic ordering or a progressive loss of the framework structure has occurred. 

This was also observed in the powder X-ray diffractograms of MIL-101(Cr) after the 

subsequent screening tests with 5000 ppm NO, NO2 or SO2 (supplementary information). 

Furthermore, subjecting the framework to NO and NO2 at more elevated temperatures 

increased the loss in crystallinity. In the case of NO2 this could be associated with 

chemisorption onto the CUS. In contrast to this, the intensities after the adsorption of SO2 

at room temperature remained almost unchanged upon heating the sample to 50 °C.  

Figure 5.6b presents a comparison of the powder X-ray diffractograms of MIL-101(Cr)-

NH2 before and after exposure to concentrated contaminants. The diffraction pattern 

observed for the fresh MOF is similar, but has broader diffraction peaks than MIL-

101(Cr), akin to those previously reported by Khutia et al. [51]. The broader peaks are 

attributed to the presence of the amine groups limiting the extent of order that is observed 
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for MIL-101(Cr). The subsequent exposure of MIL-101(Cr)-NH2 to 10000 ppm NO, NO2 

or SO2 resulted in a decrease in intensities, which is consistent with a loss in long-range 

crystallographic ordering or a progressive loss of the framework structure. This decrease 

was found to occur irrespective of the adsorption temperature of the contaminants. In a 

separate set of NO, NO2 and SO2 screening experiments, the decrease was more 

pronounced, which suggests that further loss in long-range crystallographic ordering or the 

collapse of the framework occur upon desorption of the contaminants. 

 

 

─MOF ─NO RT ─NO 50 °C ─NO2 RT ─NO2 80°C ─ SO2 RT ─ SO2 50 °C 

Figure 5.6: PXRD of (a) MIL-101(Cr), (b) MIL-101(Cr)-NH2 and (c) MIL-101(Al)-NH2 

before and after the treatment with 10000 ppm at room (RT) and more elevated 

temperature. 

The powder X-ray diffractograms of MIL-101(Al)-NH2 and the exposed samples are 

shown in Figure 5.6c. A decrease in crystallinity was observed after subjecting the 
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framework to NO and SO2 which suggests that either a loss in long-range crystallographic 

ordering or a partial decomposition of the structure was taking place. In contrast to this, the 

PXRD measurements of MIL-101(Al)-NH2 after each individual screening test 

(supplementary information) showed a complete loss of long-range crystallographic 

ordering or a complete decomposition of the framework. It can therefore be assumed that 

the complete loss in crystallographic ordering or the collapse is a result of the desorption 

of the contaminants during the screening tests. The collapse of the framework could 

account for some of the net mass loss observed in the TGA profiles (Figure 4a and c). The 

diffraction pattern of MIL-101(Al)-NH2 changed significantly in the presence of NO2, 

which resulted in a broadening of the peaks and was more pronounced after the exposure 

at 80 °C than at room temperature. This result suggests the complete decomposition of the 

framework and is consistent with the observations during the FTIR studies and powder X-

ray diffractogram after the screening test (supplementary information).  

It can therefore be concluded that the Cr(III) frameworks exhibit a higher chemical 

stability towards the flue gas contaminants than MIL-101(Al)-NH2. However, the decrease 

in crystallinity after the exposure with NO, NO2 and SO2 in all materials implies that a loss 

in long-range crystallographic ordering or a partial in collapse of all frameworks took 

place. Furthermore, a complete collapse of the framework was observed after each 

screening test (supplementary material) and is considered to be due to the complete or 

partial desorption of all contaminants (obtained during Ar/contaminant flow and/or during 

the final Ar purge at 117 °C). Although contaminant concentrations of 10000 ppm are not 

relevant for post-combustion capture, these experiments have provided good insight into 

the framework stability in the presence of contaminants. In order to confirm the collapse, 

N2 adsorption at -196 °C could be conducted, but this was not possible with the limited 

amount of sample available. 

5.2.4.2 Sorption of flue gas contaminants 

5.2.4.2.1 Flue gas contaminant cycling experiments 

Figure 5.7-5.9 show the results of the five cycle experiments carried out at 25 °C. The 

contaminant concentration was varied between 0 ppm and 500 ppm (NO or NO2) or 

2000 ppm (SO2) and 5000 ppm (NO or NO2 or SO2) to determine the effect of different 

flue gas contaminants on the framework stability and the sorption behaviour. Although the 

maximum uptakes in the screening test were found at 50 to 80 °C, the cycling experiments 
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were performed at 25 °C due to the higher CO2 capacities at lower temperatures. The mass 

uptakes were calculated on a molar basis by subtracting the mass change at 500 or 2000 or 

5000 ppm by the mass change at 0 ppm. The time scale shown in the TGA profiles 

(Figures 7 to 9, left) include the Ar pre-treatment at 110 °C (t<0 min) and the final Ar 

treatment at 110 °C under Ar at t>220 min.
b
 The PXRD and FTIR results after the 

contaminant cycling are shown in the supplementary material. No changes were observed 

in the FTIR spectra unless stated otherwise. 

The cycling of MIL-101(Cr) with each individual contaminant (Figure 5.7) resulted in a 

higher mass change in the presence of 5000 ppm NO, NO2 and SO2 compared to 500 ppm 

NO and NO2 or 2000 ppm SO2. The progressive increase in mass during the course of the 

cycling experiments suggests the accumulation of all contaminants, especially at 

5000 ppm. This was also observed in the progressively reduction in mass uptake from 

cycle to cycle. For instance in the case of 5000 ppm NO2, the mass uptake in cycle five 

was almost 64 % lower than in cycle two, while at 500 ppm this difference was 

approximately 53 %. The molar mass uptakes also indicate that NO and NO2 at 5000 ppm 

were adsorbed to a higher extent than in the case of SO2. At concentrations relevant to flue 

gas, the mass uptakes of NO2 and SO2 were comparable in cycles four and five, while the 

mass uptake of NO was smaller.  

A partial desorption of the NO (5000 ppm), NO2 (5000 ppm) and SO2 (2000 and 

5000 ppm) upon lowering the pressure to 0 ppm was observed in most cycles, especially in 

the case of SO2 (2000 and 5000 ppm). The apparent mass gain observed during the first 

desorption step, in the case of cycling with 5000 ppm NO and in all five desorption steps 

with 500 ppm NO and NO2 is considered to be an artefact due to non-ideal gas flow in the 

gas feed system. This is due to incomplete clearance of the contaminant gas from the feed 

gas stream over the 20 min desorption steps. This resulted in continued adsorption 

especially at the lower concentrations of NO and NO2. Complete desorption was achieved 

during the heat ramp from 25 to 110 °C under Ar in the case of 500 ppm NO, 2000 and 

5000 ppm SO2. This is consistent with the physisorption of these contaminants. Heating 

MIL-101(Cr) in Ar at 110 °C resulted in an incomplete desorption of NO2 (especially at 

5000 ppm), probably due to the chemisorption of the contaminant onto the CUS as 

                                                 
b
 The apparent mass gain in the TGA profiles (Figure 7-9, left) after the temperature reduction from 110 to 

25 °C (between t= -48.5 to 0 min) and from 110 to 20 °C (t>258 min) is regarded as an artefact due to the 

change in temperature.  
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observed during the FTIR studies after the exposure to 10000 ppm NO2. FTIR spectra of 

MIL-101(Cr) after the sorption of 500 and 5000 ppm NO2 also revealed a broadening of 

the bands, probably due to the strong interaction of the contaminant with the CUS. 

 
Figure 5.7: TGA profile (left) and mass uptakes (right) of different concentrations of NO, 

NO2 and SO2 on MIL-101(Cr) during the contaminant cycling at 25 °C. The partial 

pressures of the contaminant were varied between 0 and 500 or 2000 or 5000 ppm. 

The TGA profiles and mass uptakes of the contaminant cycling on MIL-101(Cr)-NH2 are 

shown in Figure 5.8. A rise in contaminant concentration resulted in higher mass gains for 

all contaminants studied here. As in the case of MIL-101(Cr), the accumulation of the 

contaminants and therefore the slowing adsorption kinetics resulted in reducing mass 

uptakes from one cycle to the next. The molar mass uptakes of the contaminant 

concentrations relevant to flue gas were comparable and constituted less than                

0.10 mmol g
-1

. The reduction in mass uptakes, progressing from cycle one to cycle five, 

were found to be less than in the case of MIL-101(Cr), consistent with lower mass changes 

overall. The maximum loss in mass uptake from cycle one to cycle five was observed for 

5000 ppm NO and was calculated to be 60 %. 

No mass loss was obtained during the desorption steps in the cycling experiments with 

5000 ppm NO, 5000 ppm NO2 and 500 ppm NO2 with the mass remaining constant. This 

might also be expected to be the case for cycling with 500 ppm NO. The reason for the 

apparent ongoing mass gain is probably the incomplete clearance of the contaminant gas as 

was discussed for MIL-101(Cr).
b
 Partial desorption upon lowering the pressure to 0 ppm 

was only observed in the case of SO2 (2000 and 5000 ppm). The more ready desorption of 

SO2 suggests that its interaction with the framework is much weaker than for NO and NO2. 
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Heating MIL-101(Cr)-NH2 to 110 °C under Ar atmosphere resulted in complete desorption 

of 2000 ppm and 5000 ppm SO2, 500 ppm NO and 500 ppm NO2. In contrast to this, 

5000 ppm NO and 5000 ppm NO2 were only partially desorbed upon heating. These 

results would suggest that the high concentrations of NO and NO2 were chemisorbed 

rather than physisorbed. However, from the FTIR studies conducted after the exposure to 

10000 ppm chemisorption was only clearly indicated in the case of NO2. It is therefore 

expected, that the adsorption of 5000 ppm NO proceeded via physisorption rather than 

chemisorption and that extending the final regeneration time at 110 °C would result in the 

complete desorption of NO. The reason for the apparent negative mass change in the cases 

of 500 ppm NO, 2000 ppm and 5000 ppm SO2 is thought to be the collapse of the 

framework structure, consistent with PXRD measurements of the samples (supplementary 

information). 

 
Figure 5.8: TGA profile (left) and mass uptakes on a molar basis (right) of different 

concentrations of NO, NO2 and SO2 on MIL-101(Cr)-NH2 during the contaminant cycling 

at 25 °C. The partial pressures of the contaminant were varied between 0 and 500 or 2000 

or 5000 ppm. 

The mass changes and uptakes of the contaminant cycling experiments on MIL-101(Al)-

NH2 are shown in Figure 5.9. As expected, the rise in contaminant concentration resulted 

in an increase in mass change. The decrease in mass change (wt%) in the order 5000 ppm 

NO2 > 5000 ppm NO > 5000 ppm SO2 is in good agreement with the results of the 

screening tests. As discussed for MIL-101(Cr) and MIL-101(Cr)-NH2, the accumulation of 

the contaminants led to a reducing mass uptake from cycle to cycle. The highest change in 

mass uptake from cycle one to cycle five was observed for 5000 ppm NO (65 %), which is 

consistent with the results for the Cr(III) frameworks. For the contaminant concentrations 
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relevant to flue gas, the mass uptakes were also lower than 0.10 mmol g
-1

, perhaps in part 

due to the lower pore volume of MIL-101(Al)-NH2 relative to MIL-101(Cr).  

The partial desorption of 2000 ppm and 5000 ppm SO2 upon lowering the partial pressure 

to 0 ppm is consistent with the results for MIL-101(Cr) and MIL-101(Cr)-NH2. The 

relatively constant mass uptake observed for succeeding cycles with 5000 ppm NO, 

5000 ppm and 500 ppm NO2 is consistent with the stronger interactions of these 

contaminants with the framework structure occur than for SO2. The reason for the apparent 

rise in mass during the desorption part of the cycling of 500 ppm NO and 500 ppm NO2 is 

probably the incomplete clearance of the contaminant gas as was discussed for MIL-

101(Cr).
b
 Complete desorption of 500 and 5000 ppm NO, 500 ppm NO2, 2000 and 

5000 ppm SO2 was achieved by heating the samples at 110 °C under Ar. The negative 

mass change is believed to be due to the collapse of the framework as determined via 

PXRD (supplementary information). In the case of 5000 ppm NO2, the desorption was 

incomplete during the heating due to irreversible adsorption of the contaminant. 

Furthermore, a loss of crystallinity was observed, probably indicating partial collapse of 

the framework, thus accounting for the mass loss. 

 

Figure 5.9: TGA profile (left) and mass uptakes on a molar basis (right) of different 

concentrations of NO, NO2 and SO2 on MIL-101(Al)-NH2 during the contaminant cycling 

at 25 °C. The partial pressures of the contaminant were varied between 0 and 500 or 2000 

or 5000 ppm. 

It can be concluded that in most cases only SO2 was partially desorbed during the cycling 

process due to the lower interaction with the framework structure. Accumulation of the 

contaminants occurred in all cases and is expected to have a considerable impact on the 
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CO2 capture ability. MIL-101(Cr) exhibited a higher chemical stability than the amine 

modified frameworks, whose crystallinity, as revealed by PXRD (supplementary 

information), had been destroyed during the contaminant cycling experiments. 

5.2.4.2.2 Flue gas contaminant cycling in the presence of CO2 

Figure 5.10 to 5.12 show the results of the CO2/contaminant cycling experiments carried 

out at 25 °C. The CO2 and contaminant partial pressures were varied between 0.05 and 

0.15 bar and between 0 and 500 (NO, NO2) or 2000 ppm (SO2), respectively, to 

demonstrate the likely impact of the flue gas contaminants on the CO2 capacity. The 

results from the CO2/contaminant cycling were then compared to the first five cycles of the 

CO2 cycling. The mass loss was calculated by subtracting the mass reading after the 

exposure to 0.15 bar by the mass reading at 0.05 bar. The weight change during the pre-

treatment step under Ar has been omitted from the figures for better clarity of the results 

obtained. The results of the FTIR and PXRD results are shown in the supplementary 

materials. No further discussion on the FTIR results is provided in this section due to the 

absence of any obvious changes in IR absorption, which is consistent with the FTIR data 

from the screening tests. 

The TGA profiles and the amounts desorbed in each cycle during the CO2/contaminant and 

CO2 cycling in MIL-101(Cr) are shown in Figure 5.10. MIL-101(Cr) exhibited a reversible 

CO2 uptake of 0.16 mmol g
-1

 (0.06 mol of CO2 per mol of CUS) in the absence of 

contaminants. In comparison with the mass uptakes of the contaminants (see Section 

5.2.4.2.1) at concentrations relevant to flue gas, only the NO uptakes were found to be 

smaller over the duration of the cycling process. In the case of NO2 and SO2, the uptakes 

were higher than the CO2 uptakes in the first two cycles.  

Equilibrium was achieved during the cycling with CO2 and in part for the CO2/NO cycling 

within the 20 min for each adsorption and desorption step. The mass records showed 

additional adsorption in the presence of NO2 and SO2 beyond that observed for CO2 alone, 

consistent with the accumulation of these contaminants as previously noted in the 

contaminant cycling experiments. Based on the lack of desorption of NO and NO2 upon 

lowering the partial pressure, as noted in the contaminant cycling section, the following 

assumptions were made to estimate the amount of CO2 adsorbed during the 

CO2/contaminant cycling: (1) all mass loss during the cycling was due to the desorption of 

CO2 and (2) the amount of CO2 desorbed equals the amount of CO2 adsorbed. Under these 
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assumptions, the cyclic CO2 capacities were determined to be ~0.10 mmol g
-1

 and 

~0.11 mmol g
-1

 in the presence of NO and NO2, respectively. The diminished CO2 

capacities were consistent with the accumulation of these contaminants. However, these 

assumptions are not valid for the CO2/SO2 cycling, due to the partial desorption of SO2, as 

observed in the contaminant cycling experiments. The following assumptions were made 

to estimate the CO2 capacity during the CO2/SO2 experiments: (1) the initial steep increase 

in mass, as the CO2 partial pressure was increased from 0.05 to 0.15 bar, was due to the 

adsorption of CO2 and (2) the subsequent slower adsorption accounted for SO2. Thus, the 

estimated CO2 and SO2 capacities were 0.35 mmol g
-1

 and 0.28 mmol g
-1

 in the first cycle, 

respectively, and diminished to. 0.24 mmol g
-1

 CO2 and 0.07 mmol g
-1

 SO2 in cycle five. 

Under the assumptions made, the calculated CO2 capacities were much higher in the 

presence of SO2 than those observed during the CO2 cycling without the contaminant. 

While this result implies that SO2 resulted in an improvement in CO2 capacity, this might 

not necessarily be the case, if the assumptions are not completely valid. Further 

experiments are required to verify this result (e.g. binary gas adsorption, breakthrough 

experiments). PXRD measurements (supplementary information) after the 

CO2/contaminant cycling revealed a decrease in crystallinity, which is consistent with the 

results after the exposure to 10000 ppm of contaminant.  

 
Figure 5.10: TGA profile (left) and the calculated mass loss (right) of CO2 with and 

without NO, SO2 and NO2 on MIL-101(Cr) at 25 °C. Cycling experiments were conducted 

by varying the CO2 partial pressure between 0.05 and 0.15 bar and the contaminant partial 

pressure between 0 ppm and 500 (NO, NO2) or 2000 ppm (SO2). 

The results for the CO2/contaminant and CO2 cycling experiments in MIL-101(Cr)-NH2 

are shown in Figure 5.11. MIL-101(Cr)-NH2 exhibited a higher CO2 uptake of 
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0.18 mmol g
-1

 (0.07 mol of CO2 per mol of CUS) than MIL-101(Cr), due to the presence 

of the amine group. The comparison with the mass uptakes of 500 ppm NO, 500 ppm NO2 

and 2000 ppm SO2, obtained from the contaminant cycling experiments, revealed that CO2 

is adsorbed more selectively into the framework, as the contaminant uptakes were less than 

0.1 mmol g
-1

. 

 

Figure 5.11: TGA profile (left) and the calculated mass loss (right) of CO2 with and 

without NO, SO2 and NO2 on MIL-101(Cr)-NH2 at 25 °C. Cycling experiments were 

conducted by varying the CO2 partial pressure between 0.05 and 0.15 bar and the 

contaminant partial pressure between 0 ppm and 500 (NO, NO2) or 2000 ppm (SO2). 

The CO2 cycling profile shows that equilibration of the mass was achieved in each 

adsorption and desorption step, while this was not the case for CO2/NO, CO2/NO2 and 

CO2/SO2. This is consistent with the slower adsorption kinetics of the contaminants than 

for CO2. Additional mass changes, beyond that of CO2, alone were observed in the 

presence of the contaminants, consistent with their accumulation. The CO2 capacities 

during the CO2/contaminant cycling experiments were estimated using the assumptions 

stated above for MIL-101(Cr). In both CO2/NO and CO2/NO2 cycling, the CO2 capacities 

were diminished to 0.15 mmol g
-1

, as a result of the accumulations of NO and NO2. The 

CO2 capacities during the CO2/SO2 cycling were estimated to be 0.18 mmol g
-1

 in all five 

cycles, which were comparable to the CO2 uptake of 0.18 mmol g
-1

 obtained during the 

CO2 cycling without contaminants. However, it is expected that the accumulation of SO2 

will slightly diminish the CO2 capacities. PXRD studies (supplementary information) 

revealed the loss in long range crystallographic ordering or the collapse of MIL-101(Cr)-

NH2 after the contaminant cycling experiments in the presence of CO2, as was also noted 

in the contaminant cycling experiments without CO2. 
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The TGA profiles and calculated mass losses in each cycle of MIL-101(Al)-NH2 are 

shown in Figure 5.12. Further enhancement of the CO2 uptakes in MIL-101 frameworks 

was achieved by replacing the Cr(III) with Al(III) cations, which accounted for uptakes of 

0.23 mmol g
-1

 (0.08 mol of CO2 per mol of CUS). The comparison of the CO2 mass uptake 

(CO2 cycling) with the contaminant mass uptakes (contaminant cycling) revealed that CO2 

is adsorbed more selectively into MIL-101(Al)-NH2, due to the comparatively low 

contaminant uptakes of less than 0.1 mmol g
-1

.  

While equilibrium was achieved within the 20 min for each adsorption and desorption step 

during the CO2 cycling experiment, a mass gain and/or loss was observed during the 

equilibration time during the CO2/contaminant cycling, consistent with the slower 

adsorption kinetics of the contaminants compared to CO2. Furthermore, the accumulation 

of the contaminants resulted in diminished CO2 capacities of 0.19, 0.15 and 0.17 mmol g
-1

 

in the presence of NO, NO2 and SO2, respectively, estimated using the same assumptions 

explained for MIL-101(Cr). PXRD measurements of MIL-101(Al)-NH2 after the 

CO2/contaminant cycling experiments (supplementary material) revealed the collapse of 

the framework, which is in good agreement with the results obtained after the screening 

tests. 

 
Figure 5.12: TGA profile (left) and mass loss (right) of CO2 with and without NO, SO2 

and NO2 on MIL-101(Al)-NH2 at 25 °C. Cycling experiments were conducted by varying 

the CO2 partial pressure between 0.05 and 0.15 bar and the contaminant partial pressure 

between 0 ppm and 500 (NO, NO2)/2000 ppm (SO2). 

Thus, in all three MOFs, diminished CO2 capacities in the presence of NO, NO2 and SO2 

were observed in most cases and suggest that the removal of these contaminants prior to a 

post-combustion capture process is necessary. It would be beneficial to conduct single 
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component and binary gas adsorption/desorption measurements as well as breakthrough 

experiments in order to more accurately determine the CO2 uptakes and the 

CO2/contaminant selectivites in the presence of the contaminants. 

5.2.5 Conclusion 

The effect of NO, NO2 and SO2 on the stability of MIL-101(Cr), MIL-101(Cr)-NH2 and 

MIL-101(Al)-NH2 and their potential to facilitate CO2 capture was evaluated by 

conducting a series of FTIR and PXRD studies, screening tests and cycling experiments. 

FTIR studies before and after the treatment with 10000 ppm of contaminants indicated that 

NO2 interacted strongly with the CUS by forming a chelating bidentate nitrate species in 

MIL-101(Cr), MIL-101(Cr)-NH2 and MIL-101(Al)-NH2. This interaction was found to be 

stronger in the presence of chromium cations and in the absence of amine groups. NO and 

SO2 on the other hand appeared to be physisorbed in all frameworks. 

The PXRD screening study revealed a significant decrease in the crystallinities of all 

MOFs after the separate exposure to 10000 ppm of NO, NO2 and SO2 consistent with the 

loss in long-range crystallographic ordering or the partial collapse of the frameworks. For 

MIL-101(Al)-NH2 after the adsorption of NO2, complete collapse of the framework was 

observed. PXRD measurements conducted after the screening and cycling experiments 

also revealed a complete loss of crystallinity of both amine modified frameworks under all 

conditions which accompanied the removal of the contaminants during the regeneration 

step at 110 °C under Ar. 

Screening tests confirmed the physisorption of NO as well as SO2 and the chemisorption 

of NO2 in most cases. CO2/contaminant cycling studies revealed that the CO2 uptake 

depreciated in the presence of the contaminants, which suggests that these contaminants 

need to be removed prior to the capture process.  

Further studies, including contaminant cycling in the presence of H2O vapour (which is 

also a component of flue gas) and longer cycling experiments would be beneficial to help 

determine if NO, NO2 and SO2 all need to be removed prior to the capture process or if the 

removal of only one or two of these contaminants is sufficient. Additionally in order to 

confirm the collapse of the MOFs it would be beneficial to measure N2 adsorption and 

desorption isotherms at -196 °C in order to estimate the surface areas. 
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5.2.8 Characterisation of MIL-101(Cr) 

N2 adsorption and desorption from MIL-101(Cr) was conducted at -196 °C. The sample 

was activated under vacuum at 150 °C overnight in a Micromeritics VacPrep 061 degasser. 

After cooling the sample to room temperature, the sample tube was backfilled with helium 

and installed in a Micromeritics Tristar II gas sorption analyser. The BET surface area was 

calculated over the relative pressure range of 0.01 and 0.2 on the adsorption isotherms. It 

should be noted that in this pressure range, adsorption of N2 still occurs. The pore volume 

was estimated at p/p0=0.99. The comparison of the measured and the calculated XRD 

pattern of MIL-101(Cr) confirms the purity of the bulk sample. 

 
Figure 5.13: (a) N2 adsorption/desorption isotherm at -196 °C for activated MIL-101(Cr). 

(b) Comparison of experimental (black) and the calculated diffractogram (red) of MIL-

101(Cr) [1]. 

0

300

600

900

1200

1500

0 0.2 0.4 0.6 0.8 1

V
o
lu

m
e 

N
2
 a

d
so

rb
ed

 /
 c

m
3
 g

-1
 

Relative pressure (p/p0) (a) 

BET surface area: 3522 m2 g-1 

Pore volume: 2.18 cm3 g-1 

2 6 10 14 18 22 26 30

In
te

n
si

ty
 /

 a
.u

. 

2 Theta / ° (b) 



Effect of flue gas contaminants 

266 

 

5.2.9 FTIR of MIL-101(Cr) after contaminant sorption – TGA 

 

 

 
Figure 5.14: FTIR spectra of MIL-101(Cr) before and after screening tests, contaminant 

and CO2/contaminant experiments with (a) NO, (b) NO2 and (c) SO2. 
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5.2.10 FTIR of MIL-101(Cr)-NH2 after contaminant sorption – TGA 

 

 

 
Figure 5.15: FTIR spectra of MIL-101(Cr)-NH2 before and after screening tests, 

contaminant and CO2/contaminant experiments with (a) NO, (b) NO2 and (c) SO2. 
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5.2.11 FTIR of MIL-101(Al)-NH2 after contaminant sorption – TGA 

 

 

 
Figure 5.16: FTIR spectra of MIL-101(Al)-NH2 before and after screening tests, 

contaminant and CO2/contaminant experiments with (a) NO, (b) NO2 and (c) SO2. 
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5.2.12 PXRD of MIL-101(Cr) after contaminant sorption- TGA 

 

 

 
Figure 5.17: PXRD of MIL-101(Cr) before and after screening tests, contaminant and 

CO2/contaminant experiments with (a) NO, (b) NO2 and (c) SO2. 
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5.2.13 PXRD of MIL-101(Cr)-NH2 after contaminant sorption – TGA 

 

 

 
Figure 5.18: PXRD of MIL-101(Cr)-NH2 before and after screening tests, contaminant 

and CO2/contaminant experiments with (a) NO, (b) NO2 and (c) SO2. 
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5.2.14 PXRD of MIL-101(Al)-NH2 after contaminant sorption – TGA 

 

 

 
Figure 5.19: PXRD of MIL-101(Al)-NH2 before and after screening tests, contaminant 

and CO2/contaminant experiments with (a) NO, (b) NO2 and (c) SO2. 
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5.3.1 Abstract 

The effect of the flue gas contaminants NO, NO2 and SO2 on the stability of MIL-100(Fe), 

MIL-53(Al)-NH2 and STA-16(Co) and on their potential to facilitate CO2 capture was 

studied. The samples were individually treated with 10000 ppm of contaminant and their 

structural stability and their potential adsorption modes were investigated by PXRD and 

FTIR. Screening tests were conducted by heating the samples from 20 to 110 °C under an 

Ar/contaminant atmosphere (5000 ppm NO, NO2, SO2). The impact of different 

contaminant concentrations was determined by varying the partial pressure between 0 and 

500 or 2000 or 5000 ppm in five cycles at 25 °C. The effect of the contaminant on the CO2 

capture ability was investigated by performing CO2 and CO2/contaminant cycling 

experiments at 25 °C. Loss of long-range crystallographic ordering or partial or complete 

decomposition of all frameworks and diminished CO2 uptakes in the presence of NO, NO2 

and SO2 suggest that these flue gas contaminants would have to be removed prior to a 

post-combustion CO2 separation process. While NO2 was irreversibly adsorbed on the 

CUS in MIL-100(Fe) and STA-16(Co), the flexibility of MIL-53(Al)-NH2 resulted in a 

reversible adsorption. 

5.3.2 Introduction 

Metal-organic frameworks (MOFs) have attracted tremendous attention over the past 

decade and have been studied for their application in catalysis, adsorption, luminescence, 

fluorescence and drug delivery and storage [1, 2]. Their crystalline framework consists of 

metal ions and organic linker molecules that are connected to each other via specific 

functional groups [3, 4]. MOFs have shown great promise for the air purification of toxic 
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gases, due to their tuneable pore sizes and topologies, high surface areas and adjustable 

functionality [5]. 

NO and NO2 are free radicals that can interact strongly with coordinatively unsaturated 

sites (CUS) [5]. This interaction results in a strong hysteresis in the NO and NO2 sorption 

isotherms with HKUST-1, MOF-74(Ni) and MIL-88(Fe) [6-8]. The metal centre and the 

presence of moisture were found to play an important role in the adsorption of NO, NO2 

and SO2. For example, while MOF-74(Ni) exhibited a NO uptake of 18.31 wt% (1.07 mol 

NO per mol CUS, p≤10 mbar), DFT calculations showed a negligible uptake for MOF-

74(Mg). This result can be explained by the absence of d-electrons in Mg(II) resulting in a 

lack of π-back-bonding from the metal centre to NO and hence only weak interactions 

between NO and the metal centre [7, 9]. Glover et al. studied the effect of CUS and 

presence of moisture on the SO2 capacities of MOF-74 by performing breakthrough 

experiments with 380 ppm SO2 at 20 °C. In contrast to the results described for NO, the 

presence of Mg(II) resulted in a much higher SO2 adsorption capacity than in the case of 

MOF-74(Ni). This difference between MOF-74(Mg) and MOF-74(Ni) was even more 

pronounced under humid conditions, in which an actual decrease in the SO2 uptake was 

observed for MOF-74(Ni), resulting in negligible SO2 uptake [10]. These results are in 

good agreement with the DFT and GCMC calculations reported by Ding et al., which 

indicated that MOF-74(Ni) is suitable for capturing CO2 in the presence of SO2, while the 

Mg analogue will remove SO2 preferentially [11]. The adsorption of NO2 on HKUST-1 

resulted in the formation of a nitrate species coordinated to the metal sites. A decrease in 

capacity from 6.63 wt% to 3.39 wt% was observed in the presence of moisture due to the 

competitive adsorption and coordination of H2O molecules [12-14].  

Although research has focused on the evaluation of MOFs for the removal of toxic gases 

[5, 15-17], only limited studies are available that focus on the impact of flue gas 

contaminants on the potential to facilitate CO2 capture. This knowledge is crucial for the 

process design due to the fact that flue gas contains approximately 500 ppm NOx and 

1800 ppm SOx, which can result in a decrease in adsorbent lifetime, therefore increasing 

the capture costs [18, 19]. A current research focus is minimization of the capture costs in 

a CCS process. Hence, it would be beneficial if CO2 could be captured in the presence of 

these contaminants and therefore avoiding the need of a separate removal step.  
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MOFs containing coordinatively unsaturated sites (CUS) and flexible frameworks are of 

particular interest for capturing CO2 due to the high surface areas, high pore volumes and 

selective adsorption of CO2 [20-24]. Two MOFs containing CUS include MIL-100(Fe) and 

STA-16(Co), which exhibit a strong interaction of CO2 with the CUS due to the stronger 

quadrupole moment compared to N2. Furthermore, the high hydrothermal stability of these 

frameworks is beneficial for capturing CO2 from gas stream containing H2O vapour [25, 

26]. Additionally, the presence of 40 % relative humidity was found to foster a fivefold 

increase in CO2 capacity from 2.2 to 10.5 wt% at 25 °C and 0.2 bar [27]. An overview of 

these two structures is given in the following paragraphs. 

 
Figure 5.20: Crystal structures of MIL-100(Fe) and STA-16(Co). (a) One unit cell of 

MIL-100(Fe) presenting both cages [28]. (b) The hexagonal channels in STA-16(Co) [29]. 

Ball and stick view (Fe octahedra: orange, Co octahedra: blue, phosphonate tetrahedra: 

green, C; grey, O: red, N: dark blue, H: white). 

The structure of MIL-100(Fe) is shown in Figure  5.20a. The supertetrahedral building 

block is built from trimers of Fe(III) oxide octhedra, in which each corner is occupied by 

the trimeric unit [30]. These units are connected to each other through the tricarboxylate 

ligands located on each face [31]. The assembly of the supertetrahedra results into a 

zeotypic MOF with two sets of mesoporous cages which are assessable through two 

microporous windows [31, 32]. The three-dimensional framework consists of two types of 

cavity. The first cavity has a window diameter of 0.5 nm and is delimited by 12 pentagonal 

rings [30, 33]. The second type is delimited by 12 pentagonal rings and 4 hexagonal rings 

defining a hexakaidodecahedron with a window diameter of 0.86 nm [30, 33]. The CUS 

can be obtained by vacuum activating the MOF at 150 °C [32].  

The phosphonate MOF (Figure  5.20b), STA-16(Co), has a pore diameter of 1.8 nm and 

contains CUS. The MOF contains one crystallographically distinct Co(II) centre, which is 

coordinated to four phosphonate oxygen atoms, one piperazinyl N atom and one oxygen 

atom of a H2O molecule. Metal spirals are formed by edge sharing distorted ocathedra. 

(a) (b) 
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The connection of one spiral to three others results in hexagonal channels, in which one 

P=O bond from each phosphonate group is hydrogen bonded to lattice H2O molecules. 

These H2O molecules also exhibit hydrogen bonds to the coordinated H2O [29]. 

 
Figure 5.21: Schematic view of the breathing effect of MIL-53(Al) upon adsorption of 

H2O. Ball and stick view (Al octahedra: pink, C: grey, O: red, H: white) [34]. 

MIL-53(Al) and its amine functionalized derivative are examples for flexible materials. 

Notably MIL-53(Al)-NH2 was found to be a promising material for post-combustion 

capture due to a high CO2/N2 selectvity of 20 to 1 and high CO2 capacity of 7.8 wt% at 

25 °C and 1 bar [35]. The interconnection of infinite trans chains of corner-sharing 

AlO4(OH)2 octahedra by 2-aminoterephthalic acid leads to the formation of a 3D 

framework with 1-D shaped tunnels [35, 36]. Depending on the nature of the adsorbed 

molecules and the pressure, the 1-D channels exhibit different pore sizes. At CO2 pressures 

below 3 bar, MIL-53(Al)-NH2 is in the very narrow pore (vnp) form which exhibits a pore 

volume of 937.5 Å
3
. The narrow pore (np) is characterised by a pore volume of 987.2 Å

3
 

and is present up to 12 bar. At pressures higher than 3.5 bar the np form coexists with the 

large pore (lp) form (1451.4 Å
3
) [37]. The breathing effect of MIL-53(Al) upon H2O 

adsorption and desorption is shown in Figure  5.21. In the presence of H2O molecules, the 

MIL-53(Al) framework exists in the np form with channel dimension of 2.6x13.6 Å
2
, 

which can be transformed into the lp form (8.5x8.5 Å
2
) by evacuating the sample above 

100 °C [34, 38].  

The effect of the flue gas contaminants NO, NO2 and SO2 on the stability and ability to 

capture CO2 was evaluated by conducting a series of Fourier transform infra-red (FTIR), 

powder X-ray diffraction (PXRD), screening tests and cycling experiments on MIL-

100(Fe), MIL-53(Al)-NH2 and STA-16(Co). The exposure of the samples with 10000 ppm 

of contaminant at different temperatures (room temperature and 50 or 80 °C) and the 
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following FTIR and PXRD analyses allowed the evaluation of the structural integrity and 

possible adsorption mechanisms of the contaminants. The range of temperatures over 

which NO, NO2 and SO2 were adsorbed was determined by subjecting the samples to an 

Ar/ contaminant (5000 ppm) mixture under a heating ramp from 20 to 110 °C (heating rate 

of 2 °C min
-1

). Contaminant cycling experiments were conducted by varying the partial 

pressures between 0 and 500 ppm (NO, NO2) or 2000 ppm (SO2) or 5000 ppm (NO, NO2, 

SO2) at 25 °C until five cycles of adsorption and desorption were performed to investigate 

the impact of different contaminant concentrations. The effect of the flue gas contaminants 

on the CO2 capture ability was evaluated by conducting CO2/contaminant and CO2 cycling 

experiments by varying the CO2 partial pressures between 0.05 and 0.15 bar and the 

contaminant partial pressures between 0 and 500 or 2000 ppm at 25 °C.  

5.3.3 Experimental section 

5.3.3.1 Synthesis of MOFs 

5.3.3.1.1 Chemicals 

Aluminium chloride hexahydrate (99 %, Sigma Aldrich), 2-aminoterephthalic acid (99 %, 

Sigma Aldrich), 4,4’-bipiperidine dihydrochloride (99 %, Alfa Aesar), cobalt(II) acetate 

tetrahydrate (≥ 98 %, Sigma Aldrich), DMF (GR grade, Merck), ethanol (≥ 99.7 %, 

Merck), formaldehyde (40 % w/v GR grade, Merck), hydrobromic acid (Merck), iron(II) 

chloride hexahydrate (99 %, Merck), methanol (≥ 99.8 %, Merck), phosphorous acid 

(97 %, Alfa Aesar), potassium hydroxide (GR grade, Merck), sodium bicarbonate 

(≥99.7 %, Ajax Chemicals), sulphuric acid (98 % AR grade, Merck), trimesic acid (95 %, 

Sigma Aldrich). argon (high purity, Air Liquide), carbon dioxide (Food grade, Coregas), 

1 % nitric oxide in argon (Air Liquide), 1 % nitrogen dioxide in argon (Air Liquide) and 

1 % sulphur dioxide  in argon (Air Liquide). 

 All reagents were used without further purification. 

5.3.3.1.2 Synthesis of MIL-100(Fe) 

The synthesis of trimethyl-1,3,5-benzenetricarboxylate (Me3BTC) and MIL-100(Fe) was 

reported previously [39] and followed the procedures akin to that reported by Kathiresan et 

al. [40] and Canioni et al. [33]. MIL-100(Fe) was solvothermally synthesised in a Teflon® 

lined autoclave at 130 °C for 72 h. The product was activated at 150 °C under vacuum. 
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5.3.3.1.3 Synthesis of MIL-53(Al)-NH2 

The synthesis of MIL-53(Al)-NH2 was conducted following the procedure akin to that 

reported by Ahnfeldt et al. [36]. 4.44 g (18.4 mmol) of AlCl3·6H2O and 3.39 g 

(18.7 mmol) of 2-aminoterephthalic acid were dissolved in 45 mL H2O and heated in a 

Teflon® lined autoclave ate 150 °C for 5 h. The yellow powder was recovered by filtration 

and washed with H2O. The excess amount of 2-aminoterephthalic acid was removed by 

treating the as-synthesised MIL-53(Al)-NH2 with 100 mL DMF at 150 °C for 16 h. The 

product was filtered, dried at room temperature and activated under vacuum at 150 °C 

overnight. 

5.3.3.1.4 Synthesis of STA-16(Co) 

Synthetic details for STA-16(Co) were reported elsewhere [26] and are in accord with the 

procedure described by Wharmby et al. [29, 41]. The solvothermal synthesis of STA-

16(Co) was conducted in a Teflon® lined autoclave at 220 °C for 65 h. The product was 

activated under vacuum at 150 °C overnight. 

5.3.3.2 Characterisation of the MOFs 

The formation of MIL-100(Fe) and STA-16(Co) was validated by conducting elemental 

analysis, FTIR, PXRD and thermal gravimetric analysis (TGA). The results of these 

analyses can be found elsewhere [26, 39]. The structure of MIL-53(Al)-NH2 was 

confirmed by elemental analysis and PXRD (supplementary information). 

5.3.3.3 Exposure to concentrated flue gas contaminants 

5.3.3.3.1 Screening tests of flue gas contaminants 

The change in mass (TGA) of the samples as they were exposed to the contaminants over a 

heat ramp was measured using a Setaram TAG 24-16 simultaneous symmetrical 

thermoanalyser. A more detailed description of the screening test was given previously 

[42]. 

In a typical screening test, the in-situ activated (110 °C, 1 h, Ar atmosphere) samples were 

subjected to an Ar/contaminant (5000 ppm) atmosphere over a heat ramp from 20 to 

110 °C with a heating rate of 2 ° min
-1

. After 30 min at 110 °C the gas flow was changed 

from an Ar/contaminant mixture to flowing Ar, which was purged over the sample for 1 h 

while maintaining the temperature, before the system was cooled down. 
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5.3.3.3.2 PXRD and FTIR studies after the exposure to 10000 ppm of NO, NO2 and 

SO2 

Approximately 100 to 200 mg of MOF were separately subjected to 10000 ppm of NO, 

NO2 and SO2 using a Micromeritics VacPrep 061 degasser. Prior to the experiment the 

vacuum activated samples (150 °C, overnight) were heated to 110 °C under flowing Ar 

and the temperature was maintained for 1 h to ensure the complete removal of adsorbed 

moisture. The gas was purged through a gas delivery tube over the sample in a partially 

sealed vial. After cooling the samples to room temperature under flowing Ar, the gas flow 

was replaced by the Ar/contaminant mixture (1 % contaminant in Ar). The samples were 

then treated with the contaminants at room temperature for 1 h (flow rates: 25 mL min
-1

 

for 20 min and 5 mL min
-1

 for 40 min). Approximately 50 to 100 mg of each sample were 

then characterised by PXRD and FTIR. The other 50 to 100 mg of MOF were heated at 

50 °C (NO, SO2) or 80 °C (NO2) under flowing Ar/contaminant mixture (1 % contaminant 

in Ar). The temperature was maintained for 1 h and the samples were then cooled under an 

Ar/contaminant atmosphere.  

PXRD was measured via a Bruker D8 Focus Bragg-Brentano powder diffractometer using 

Cu Kα radiation at ambient laboratory conditions. The samples (before and after exposure 

to 10000 ppm of contaminant) were mounted on a silicon sample holder with ethanol. The 

scan rate and the 2θ-range were set to 0.5 ° min
-1

 and 1 to 30°, respectively. 

FTIR spectra were measured using an Agilent Cary 630 Diamond ATR in the spectral 

range of 4000 to 650 cm
-1

 at ambient laboratory conditions. 

5.3.3.4 Sorption of flue gas contaminants and CO2 

A Setaram TAG 24-16 simultaneous symmetrical thermoanalyser was used to measure the 

change in mass (TGA) of the samples as they were exposed to the contaminants (a) in five 

cycle experiments at 25 °C (Section 5.3.3.4.1) and (b) in five cycle experiments in the 

presence of CO2 at 25 °C (Section 5.3.3.4.2). Additionally, the samples were subjected to 

CO2 in ten cycle experiments at 25 °C. A short description of the different procedures is 

given as follows. A more detailed outline of the TGA and gas programs is given in a 

previous publication [42]. 



Effect of flue gas contaminants 

281 

 

5.3.3.4.1 Flue gas contaminant cycling experiments 

Two cycling experiments were conducted for each contaminant using different 

concentrations of NO, NO2 and SO2. Prior to the cycling with NO, NO2 and SO2, the 

samples were activated at 110 °C for 1 h under an Ar atmosphere. After cooling the 

samples to 25 °C and maintaining the temperature for 30 min, the Ar/contaminant mixtures 

were cycled by varying the partial pressure either between 0 and 500 ppm or 0 and 

5000 ppm for NO and NO2 and between 0 and 2000 ppm or 0 and 5000 ppm for SO2. Five 

cycles of adsorption and desorption were performed, allowing 20 min equilibration for 

each step. Afterwards the samples were re-activated at 110 °C under flowing Ar for 

30 min. 

5.3.3.4.2 Flue gas contaminant cycling experiments in the presence of CO2 

The individual flue gas contaminant concentrations used on this part were 500 ppm NO, 

500 ppm NO2 and 2000 ppm for SO2. The procedure used for the CO2/contaminant cycling 

was similar to the procedure described above. After the in-situ activation (110 °C under 

flowing Ar, 1 h) and the equilibration step (25 °C under flowing Ar, 30 min), the five 

cycles of adsorption and desorption were conducted by varying the CO2 partial pressure 

between 0.05 bar and 0.15 bar and the contaminant partial pressure between 0 and 500 

(NO, NO2) or 2000 ppm (SO2), allowing 20 min equilibration time for each adsorption and 

desorption step.  

CO2 cycling experiments were conducted at 25 °C by varying the CO2 partial pressure 

between 0.05 and 0.15 bar on the in-situ activated (150 °C under flowing Ar, 1 h) samples. 

The equilibration time for each adsorption and desorption step was set to 20 min. After the 

tenth cycle the CO2/Ar mixture was replaced by Ar and the samples were re-activated 

(150 °C under flowing Ar, 30 min).  

5.3.4 Results and discussion 

5.3.4.1 Exposure to concentrated flue gas contaminants 

Thermogravimetric analysis of MIL-100(Fe), MIL-53(Al)-NH2 and STA-16(Co) was first 

conducted to evaluate the range of temperatures in which a mass gain or loss occurred 

upon exposure to 5000 ppm of NO, NO2 and SO2 individually. Each MOF was separately 

subjected to 10000 ppm of NO, NO2 and SO2 at 25 °C (NO, NO2, SO2) and 50 °C (NO, 

SO2) or 80 °C (NO2) to determine the impact on the framework stabilities and possible 
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adsorption mechanisms. The changes in structure were then determined via PXRD and 

FTIR. The contaminant concentration of 10000 ppm was expected to give rise to stronger 

IR absorptions and also more significant changes in the diffractograms than the 

concentrations typical of flue gas (NO, NO2: 500 ppm and SO2: 2000 ppm). 

5.3.4.1.1 Screening test of flue gas contaminants 

Figure  5.22 shows the mass variations observed as MIL-100(Fe), MIL-53(Al)-NH2 and 

STA-16(Co) were separately subjected to 5000 ppm of contaminant over a heat ramp from 

20 to 110 °C with a heating rate of 2 °C min
-1

. The time of 65 min corresponds to the 

duration of exposure to an Ar/contaminant mixture. After 65 min, the flowing 

Ar/contaminant mixture was replaced by flowing Ar and the temperature remained at 

110 °C for 1 h (omitted in the graphs). Mixed coloured samples of STA-16(Co) (pinkish 

purple and dark purple) were obtained after the NO2 and SO2 screening tests. 

Figure  5.22a shows the results of the screening tests using NO. An initial mass gain and 

then subsequent mass loss were observed along the heat ramp and the isothermal period, 

consistent with the adsorption of NO and its subsequent desorption from each of the 

MOFs.
a
 The mass uptake maximum in MIL-53(Al)-NH2 (0.19 mmol g

-1
, 0.04 mol NO per 

mol NH2) occurred at 55 °C, but the maxima in the rigid frameworks, MIL-100(Fe) 

(0.15 mmol g
-1

; 0.05 mol NO per mol CUS) and STA-16(Co) (0.30 mmol g
-1

; 0.08 mol 

NO per mol CUS) were observed at 65 °C and 75 °C, respectively. The difference in 

temperature required to reach maximum mass uptake can be attributed to slightly different 

adsorption energies between the MOFs examined. The exposure experiments, discussed in 

the next section, were therefore conducted at 50 °C as each of the MOFs exhibited a near 

maximum mass gain. The quantitative desorption of NO for each of the MOFs, just a little 

further along the heat ramp and during the isothermal period suggests that the adsorption 

and desorption of NO can be classified as a physisorption process.  

The results of the screening tests using NO2 (Figure  5.22b) show that MIL-100(Fe) and 

MIL-53(Al)-NH2 initially gained 0.28 mmol g
-1

 (0.09 mol NO2 per mol CUS) and 

0.83 mmol g
-1

 (0.20 mol NO2 per mol NH2), respectively, along the heat ramp up to 80 °C. 

                                                 
a
 The small net mass loss for all MOFs during the NO screening and for MIL-100(Fe) and MIL-53(Al)-NH2 

during the SO2 screening at 117 °C are regarded as artefacts due to an imperfect blank correction rather than 

mass loss due the decomposition (ligand replacement) of the frameworks. The feature in the TGA profiles of 

the NO screening experiments (t>52 min) are regarded as artefacts due to electronic noise. To correct these 

artefacts the blank experiments should be repeated. 
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This mass gain is consistent with the adsorption of NO2. A little further along the heat 

ramp, a decline in mass was observed, consistent with the partial desorption of NO2 from 

MIL-100(Fe) and MIL-53(Al)-NH2. Further desorption of NO2 was observed from MIL-

100(Fe) under the isothermal period, but no further mass changes occurred in MIL-53(Al)-

NH2. After 65 min (not shown here) the Ar/NO2 mixture was replaced by pure Ar, which 

was purged over the sample for 1 h at 110 °C, before the samples were cooled to 20 °C. 

This final Ar treatment of MIL-100(Fe) and MIL-53(Al)-NH2 resulted in the desorption of 

0.11 mmol g
-1

 and 0.07 mmol g
-1

 of NO2, respectively. However, STA-16(Co) adsorbed 

1.28 mmol g
-1

 (0.33 mol NO2 per mol CUS) of NO2 along the heat ramp and under the 

isothermal period, but no desorption of NO2 was observed during the 65 min period of the 

Ar/NO2 flow. The final Ar treatment at t>65 min (not shown here) resulted in the 

desorption of 0.21 mmol g
-1

 of NO2. The slow and partial desorption of NO2 from each of 

the MOFs suggests that some of the NO2 becomes chemisorbed into the structures. The 

subsequent exposure of the MOFs to 10000 ppm of NO2 was conducted at 80 °C, as the 

screening experiments showed that the maximum mass gain occurred at this temperature. 

The results of the screening tests using SO2 (Figure  5.22c) show an initial mass gain in 

each of the MOFs consistent with the adsorption of SO2. The maximum mass uptake 

declined in the order STA-16(Co) (0.47 mmol g
-1

; 0.12 mol SO2 per mol CUS) > MIL-

53(Al)-NH2 (0.24 mmol g
-1

, 0.06 mol SO2 per mol NH2) > MIL-100(Fe) (0.14 mmol g
-1

; 

0.04 mol SO2 per mol CUS) and occurred at 70, 50 and 45 °C, respectively. As discussed 

for the NO screening tests, this difference in temperature is presumably due to the different 

adsorption energies of the MOFs examined. The subsequent exposure to 10000 ppm SO2 

(next section) was conducted at 50 °C, as, at this temperature, each sorbent exhibited a 

near maximum weight gain. MIL-100(Fe) and MIL-53(Al)-NH2 exhibited a quantitative 

mass loss a little further along the heat ramp, consistent with the desorption of SO2; 

however, STA-16(Co) did not.
a
 SO2 was only partially desorbed from STA-16(Co) beyond 

70 °C and during the isothermal period. After 65 min (not shown here) the Ar/SO2 

mixuture was replaced by flowing Ar for 1 h, which resulted in a further desorption of SO2 

from STA-16(Co) with 0.06 mmol g
-1

 of SO2 being retained after the isothermal period. 

The slow desorption from STA-16(Co) suggests that an increase in the duration of the final 

Ar purge will presumably result in a complete desorption of SO2. It is therefore assumed 

that the adsorption of SO2 occurred via a physisorption process for each of the MOFs 

examined. 



Effect of flue gas contaminants 

284 

 

 

 
Figure 5.22: TGA of exposure of MIL-100(Fe) (black), MIL-53(Al)-NH2 (yellow) and 

STA-16(Co) (purple) to atmospheres comprising 5000 ppm of (a) NO, (b) NO2 and (c) 

SO2 over a heat ramp from 20 to 110 °C with a heating rat of 2 °C min
-1

. 

The results of the screening tests suggest that the adsorption mechanism is strongly 

dependent on the MOF. The adsorption of NO and SO2 in each of the MOFs occurred via a 

physisorption process, but some of the NO2 was apparently chemisorbed into the 

frameworks. Furthermore, higher mass changes were observed for the phosphonate MOF, 

STA-16(Co), during the screening tests of all three contaminants. 

5.3.4.1.2 PXRD studies after the exposure to 10000 ppm of NO, NO2 and SO2 

The results of the PXRD studies for the frameworks before and after separate exposure to 

10000 ppm NO, NO2 and SO2 at ambient and elevated temperatures are shown in Figure 

 5.23. The intensities of MIL-100(Fe) and MIL-53(Al)-NH2 were multiplied by 5 to 

facilitate comparison with the more intense data for the fresh materials. No changes in 
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colour were observed for MIL-100(Fe) and MIL-53(Al)-NH2. A mixed coloured (pinkish 

purple and dark purple) sample of STA-16(Co) was obtained after the exposure to NO 

(50 °C) and SO2 (room temperature, 50 °C). The PXRD results of the samples before and 

after the screening tests are shown in the supplementary information. 

Figure 3.23a shows the intensity data obtained for fresh and spent MIL-100(Fe). The 

intensity of the pattern was diminished after the separate exposure to NO, NO2 and SO2 

consistent with the loss of crystallinity. This loss of crystallinity might be due to the loss of 

long-range crystallographic ordering or due to the partial collapse of the framework. 

Increasing the temperature from room temperature to 50 °C (NO, SO2) or 80 °C (NO2) did 

not have any considerable impact on the intensities of the diffraction pattern. This is 

consistent with the powder X-ray diffractograms after the screening tests (supplementary 

information), which showed a progressive decline in intensities of MIL-100(Fe).  

The powder X-ray diffractograms of MIL-53(Al)-NH2 before and after separate exposure 

to the contaminants are shown in Figure  5.23b. Subjecting the MOF to either NO, NO2 or 

SO2 again resulted in a progressive decrease in intensity, which suggests either a loss in 

long-range crystallographic ordering or a partial decomposition of the framework. The 

powder patterns of MIL-53(Al)-NH2 after the adsorption of NO and SO2 did not show any 

additional peaks, which implies that the remainder of the framework existed in its np form. 

In contrast to this, the exposure of MIL-53(Al)-NH2 to NO2 at 25 °C resulted in partial 

phase change from the np into the lp form, which was completed at 80 °C (Figure  5.23d). 

Evacuating the NO2 treated sample at room temperature resulted in a transformation back 

into the np form consistent with the reversibility of the breathing effect. The intensity data 

after the 5000 ppm NO2 screening test (supplementary information) also showed a 

decrease in intensity, which is consistent with the results discussed above. Furthermore, a 

splitting of the peak at 2θ~12° was observed, which suggests that MIL-53(Al)-NH2 existed 

in both lp and np form.  
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─MOF ─NORT ─NO50°C ─NO2 RT ─NO2 80°C ─SO2 RT ─SO2 50 °C 

Figure 5.23: PXRD of (a) MIL-100(Fe), (b) MIL-53(Al)-NH2 and (c) STA-16(Co) before 

and after contaminant treatment (10000 ppm) at room temperature (RT) and at 50 or 

80 °C. (d) Comparison of MIL-53(Al) lp with the samples exposed to NO2 and CoMOF 

with STA-16(Co) exposed to SO2. MIL-53(Al) lp [38] and CoMOF [43] were simulated 

using Materials Studio [44]. 

The powder X-ray diffraction patterns of fresh and exposed STA-16(Co) are shown in 

Figure  5.23c. The adsorption of each contaminant was found to result in the decline in the 

intensities consistent with the loss of long-range crystallographic ordering or the partial 

collapse of the framework in most cases. The exposure to NO2 at 80 °C led to a complete 

loss of the long-range crystallographic ordering or a complete loss of the structure. 

Additional peaks after the exposure to NO at 50 °C and SO2 at room temperature and 

50 °C were observed, which indicated the partial transformation of STA-16(Co) into the 

non-porous polymorph CoMOF (PXRD pattern compared in Figure  5.23d), whose 
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structure was reported recently (see also Chapter 6) [43]. This result is consistent with the 

observed colour change. The partial transformation of STA-16(Co) into the CoMOF was 

also observed after the screening tests (see Section 5.3.4.1.1) with NO2 and SO2 

(supplementary information). In contrast to the intensity data of STA-16(Co) measured 

after the exposure to 10000 ppm NO2 discussed above, the powder diffractogram after the 

screening test with 5000 ppm NO2 did not show a complete loss in intensity. This suggests 

that complete loss in long-range crystallographic ordering or decomposition of the 

framework only occurs at NO2 concentration above 5000 ppm. In the case of the NO 

screening test (supplementary information), no additional peaks corresponding to the 

CoMOF were observed, which is also sought to be due to the lower contaminant 

concentration of 5000 ppm used in the screening test.  

It can be concluded, that the flue gas contaminants NO, NO2 and SO2 have a significant 

impact on the stability of MIL-100(Fe), MIL-53(Al)-NH2 and STA-16(Co) at 10000 ppm. 

It is therefore required to remove these contaminants prior to the post-combustion capture 

of CO2. Further analyses, e.g. N2 adsorption and desorption at -196 °C, should be 

conducted on the MOFs after the exposure to the contaminants to determine the loss of 

pore volume. 

5.3.4.1.3 FTIR studies after the exposure to 10000 ppm of NO, NO2 and SO2 

The results of the FTIR measurements of MIL-100(Fe), MIL-53(Al)-NH2 and STA-16(Co) 

before and after separate exposure to 10000 ppm of NO, NO2 and SO2 at both ambient and 

elevated temperatures are shown in Figure  5.24. The spectra of MIL-100(Fe) and STA-

16(Co) are shown in the spectral range of 1700 to 700 cm
-1

. For MIL-53(Al)-NH2 the 

spectral range was extended to 2300 to 700 cm
-1

. At higher wavenumbers no changes in 

the spectra were observed. This region is therefore omitted. The FTIR spectra of the MOFs 

after the screening tests are presented in the supplementary material and exhibited no 

changes unless stated otherwise. 

The IR spectra of MIL-100(Fe) before and after the separate exposure to the contaminants 

are shown in Figure  5.24a. Characteristic IR bands of fresh MIL-100(Fe) include (1) the 

band at 1620 cm
-1

 corresponding to adsorbed H2O, (2) the C=C stretch at 1569 cm
-1

, (3) 

the O-C-O stretch at 1435 cm
-1

 and (4) the C-H deformation at 1107, 924 and 756 cm
-1

 

[45]. After the exposure to NO2 one new mode of absorption was observed at 1524 cm
-1

, 

consistent with the formation of a monodentate nitrate species [46]. This result suggest that 
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NO2 was chemisorbed onto the uncoordinated Fe(III) sites and is in good agreement with 

the results obtained from the screening test. Subjecting MIL-100(Fe) to NO and SO2 did 

not result in any obvious perturbations of the framework structure, which implies that 

these contaminants are physisorbed rather than chemisorbed. This is consistent with the 

results from the screening tests.  

 

 
─MOF ─NORT ─NO50°C ─NO2 RT ─NO2 80°C ─SO2 RT ─SO2 50 °C 

Figure 5.24: FTIR spectra of (a) MIL-100(Fe), (b) MIL-53(Al)-NH2 and (c) STA-16(Co) 

before and after exposure to the contaminants (10000 ppm) at room temperature (RT), 

50 °C (NO, SO2) and 80 °C (NO2). 

The IR spectra of MIL-53(Al)-NH2 before and after individual exposure to 10000 ppm 

NO, NO2 and SO2 are shown in Figure  5.24b. MIL-53(Al)-NH2 exhibited the following 

characteristic IR absorptions: (1) the asymmetrical and symmetrical stretching of primary 

amine groups [21] at 3500 and 3387 cm
-1

, respectively, (2) the N-H bending [47] at 

1620 cm
-1

, (3) the symmetric C=O stretch[38] at 1555 cm
-1

, (4) the aromatic C=C stretch 
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[45] at 1493 cm
-1

, (5) the C-N stretch distinctive of aromatic amines [47] at 1340 cm
-1

, (5) 

the symmetric O-C-O stretch [38, 45] at 1439 and 1379 cm
-1

 and (6) the C-H deformation 

[47] at 1160 and 772 cm
-1

. Subjecting MIL-53(Al)-NH2 to NO resulted in no obvious 

changes in the structure, but additional absorption modes were observed after the exposure 

to NO2 and SO2. The appearance of the band at 2254 cm
-1

 after the adsorption of NO2 is 

due to hydrogen bonded NO
+
 species, which is formed via a disproportionation reaction of 

N2O4 [48]. Two new IR absorptions were observed at 1512 and 1031 cm
-1

 consistent with 

the asymmetric and symmetric stretching vibration of NO3
-
 species, a by-product of NO

+
, 

respectively [48]. Further perturbations of the framework structure include changes in the 

absorption modes of (1) the C-O stretching vibration centred at 1439 cm
-1

 (especially at 

80 °C), (2) the C-H deformation centred at 1160 cm
-1

 and (3) the N-H bend centred at 

1620 cm
-1

. These results suggest that NO2 is physisorbed rather than chemisorbed into the 

framework as was indicated in the 5000 ppm NO2 screening experiments discussed above. 

This difference in adsorption mechanism could potentially be due to the exposure of MIL-

53(Al)-NH2 to NO2 up to a temperature of 117 °C during the screening experiments. 

Further experiments, such as in-situ PXRD and in-situ FTIR, could be conducted in order 

to get a better understanding of the different adsorption behaviours under the different 

conditions. After exposing MIL-53(Al)-NH2 to SO2 a new IR absorption mode was present 

at 1144 cm
-1

, which can be assigned to the symmetric S=O stretch [49]. This result 

suggests that SO2 was adsorbed via physisorption rather than chemisorption. 

Figure  5.24c shows the IR spectra of fresh and exposed STA-16(Co). Characteristic modes 

of absorption in STA-16(Co) include: (1) the H-O-H stretch [50] and bend at 3432 cm
-1

 

and 1654/ 1637 cm
-1

, respectively, (2) the methylene C-H [50] stretch at 2950 cm
-1

, (3) the 

P-O(H) stretch [50] at 2865 and in the region of 1167 to 966 cm
-1

, (4) the C-C stretch [51] 

at 1454 cm
-1

, (5) the C-N-stretch at 1378 cm
-1

 and (6) the P=O stretch [43] at 1351 to 

1224 cm
-1

. The disappearance of the band at 1573 cm
-1

 in the spectra of the contaminant 

exposed STA-16(Co) samples was due to the removal of hydrogen bonded H2O molecules 

during the vacuum pre-treatment. Some moisture was re-adsorbed during the storage of 

STA-16(Co), which is apparent in the NO spectra. Heating STA-16(Co) at 50 °C in the 

presence of NO resulted in new bands at 1624 cm
-1 

assigned to adsorbed NO, consistent 

with the physisorption of this contaminant [52]. A new mode of absorption appeared at 

1470 cm
-1

 after the exposure to NO2, consistent with the formation of the monodentate 

nitrate species.[46] This result suggests that NO2 was chemisorbed onto the CUS, which is 
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in good agreement with the result from the screening test. Further perturbations of the 

framework were observed in a broadening of the bands upon NO2 exposure, which can be 

attributed to the interaction of the contaminant with the CUS. Exposure of STA-16(Co) to 

SO2 did not result in any changes of the present absorption modes and suggests that the 

contaminant was physisorbed into the framework. 

In conclusion, the presence of CUS in MIL-100(Fe) and STA-16(Co) resulted in the 

chemisorption of NO2 via the formation of a monodentate nitrate species. NO and SO2 

were found to be physisorbed into MIL-100(Fe) and STA-16(Co), due to the lack of 

ligation to the uncoordinated Fe(III) and Co(II) sites. Although structural changes were 

observed in MIL-53(Al)-NH2, especially upon NO2 exposure, each of the contaminants 

was physisorbed into the framework. 

5.3.4.2 Sorption of flue gas contaminants and CO2 

5.3.4.2.1 Flue gas contaminant cycling experiments 

Figure  5.25 to 5.27 show the mass changes of the five cycle experiments carried out at 

25 °C and the corresponding mass uptakes in each cycle. The partial 

pressures/concentrations of the contaminants were varied between 0 and 500 ppm (NO or 

NO2) or 2000 ppm (SO2) or 5000 ppm (NO or NO2 or SO2) to determine the impact of 

different flue gas contaminant concentrations on the framework stability and the sorption 

behaviour. The temperature was set to 25 °C due to higher CO2 uptakes of these materials 

at lower temperatures. The time scale shown in the TGA profiles include the pre-treatment 

at 110 °C under Ar at t<0 min and the final treatment at 110 °C under Ar at t>220 min.
b
 

The mass gained during the adsorption step in each cycle (Figure  5.25-5.27, right) was 

calculated by subtracting the mass change at 500, 2000 or 5000 ppm by the mass change at 

0 ppm. The samples were analysed via PXRD and FTIR after each contaminant cycling 

experiment (supplementary materials). No changes in the diffractogram or FTIR spectra 

were observed unless stated otherwise. 

The individual contaminant cycling profiles of MIL-100(Fe) (Figure  5.25) show higher 

mass changes in the presence of 5000 ppm of NO, NO2 and SO2 than for the cycling of 

500 ppm NO or NO2 and 2000 ppm SO2. A progressive mass gain was observed in each 

cycling experiment, consistent with the accumulation of the contaminants and the slow 

                                                 
b
 The mass gains during the cooling steps in the TGA profiles of MIL-100(Fe) and STA-16(Co) are regarded 

as artefacts due to the change in temperature. 
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adsorption/desorption kinetics. The accumulation of NO, NO2 and SO2 further resulted in a 

progressive decline in mass gained from cycle one to five. The greatest reduction in mass 

uptake was observed in the cycling experiment using 5000 ppm NO, for which the uptake 

in cycle five was just 20 % of cycle one. This result suggests that the NO saturation at the 

higher contaminant concentration was almost achieved. The mass uptakes of MIL-100(Fe) 

during the cycling with the contaminant concentrations relevant to flue gas revealed that 

NO and NO2 were adsorbed to a similar extent. The higher concentration of SO2 in flue 

gas resulted in a higher mass gain than in the case of NO and NO2.  

During the cycling process a partial desorption of NO2 (5000 ppm) and SO2 (2000 and 

5000 ppm) upon lowering the partial pressure to 0 ppm was observed in most cycles. The 

TGA profiles of the cycling experiments using 5000 or 500 ppm NO and 500 ppm NO2 

showed an apparent mass increase during the desorption steps.
c
 Heating the samples to 

110 °C for 30 min under flowing Ar resulted in the quantitative desorption of NO (500 and 

5000 ppm) and SO2 (2000 and 5000 ppm), consistent with the physisorption of these 

contaminants. These results are in good agreement with those form the FTIR studies of 

MIL-100(Fe) after the separate exposure to 10000 ppm of NO and SO2. Almost 

quantitative desorption upon heating was also observed during the cycling with 500 ppm 

NO2, but not with 5000 ppm NO2. These results suggest that NO2 was chemisorbed at both 

500 and 5000 ppm, consistent with the observations from the screening tests and the 

formation of a monodentate nitrate species in the FTIR spectra of MIL-100(Fe) after the 

exposure to 10000 ppm NO2. Furthermore, the almost quantitative desorption of 500 ppm 

NO2 upon heating is considered to be a result of the lower overall mass change 

(0.30 mmol g
-1

) than in the case of 5000 ppm NO2.  

PXRD measurements of MIL-100(Fe) after the contaminant cycling revealed a decline in 

intensities corresponding to the loss in long-range crystallographic ordering or the partial 

decomposition of the framework, consistent with those previously noted after the exposure 

to 10000 ppm of contaminants. 

The TGA profiles of the contaminant cycling on MIL-53(Al)-NH2 and the mass changes in 

the adsorption part of each cycle are shown in Figure  5.26. An increase in contaminant 

                                                 
c
 The mass increase occurs due to non-ideal gas flow in the TGA feed gas arrangement such that there is 

incomplete clearance of the contaminant gas from the feed gas stream over the time scale of the desorption 

step of these experiments (20 min). The residual contaminant gas in the feed gas together with the high 

affinity of the adsorbent for the NO/NO2 leads to the continuous adsorption of these contaminants. 
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concentration resulted in higher mass changes for all contaminants examined. The 

accumulation of the contaminants was in most cases more pronounced for MIL-53(Al)-

NH2 than for MIL-100(Fe), which is in good agreement with the mass changes observed 

during the screening tests. No further mass uptake was observed in cycle five of the 

5000 ppm NO cycling experiment, consistent with the accumulation of 0.50 mmol g
-1

 of 

NO (0.12 mmol NO per mol NH2). This result suggests that NO saturation was achieved at 

the higher concentration.  

 
Figure 5.25: TGA profile (left) and the mass gain (right) of different concentrations of 

NO, NO2 and SO2 on MIL-100(Fe) during the contaminant cycling at 25 °C. The partial 

pressures of the contaminant were varied between 0 and 500 or 2000 or5000 ppm. 

Lowering the partial pressure to 0 ppm resulted in a partial mass loss during the cycling 

experiments using 2000 or 5000 ppm SO2, but no desorption was observed during the 

cycling with NO2 and NO at both concentrations. While the TGA profiles of NO2 at 5000 

and 500 ppm show a constant mass upon lowering the partial pressure, an apparent rise in 

mass was observed for 500 and 5000 ppm NO.
c
 These results suggest that the interaction 

between the framework and SO2 was weaker than for NO and NO2. The quantitative 

desorption was obtained upon heating the samples to 110 °C under Ar for 30 min after all 

cycling processes, consistent with the physisorption of all contaminants examined.  

PXRD diffractograms (supplementary information) revealed that the flexibility of the 

framework was reversible under heating at 110 °C under Ar atmosphere for 30 min. This is 

contradictory with the results obtained after the screening test in which both lp and np 

phase of MIL-53(Al)-NH2 were present. This implies that the flexibility becomes 

irreversible at higher adsorption temperatures. 
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Figure 5.26: TGA profile (left) and the mass gain (right) of different concentrations of 

NO, NO2 and SO2 on MIL-53(Al)-NH2 and during the contaminant cycling at 25 °C. The 

partial pressures of the contaminant were varied between 0 and 500 or 2000 or 5000 ppm. 

The mass changes observed during the contaminant cycling experiments on STA-16(Co) 

(Figure  5.27) revealed that increasing the contaminant concentration/partial pressure 

resulted in higher mass changes, consistent with the results obtained during the cycling on 

MIL-100(Fe) and MIL-53(Al)-NH2. The progressive reduction in mass uptake from cycle 

to cycle was due to the accumulation of the contaminants.  

A partial desorption upon lowering the partial pressures during the SO2 cycling and 

constant mass during the NO2 cycling were observed. The TGA profiles of STA-16(Co) 

using 5000 and 500 ppm NO show an apparent increase in mass during the desorption part 

of the cycling.
c
 Similar to the results discussed for MIL-100(Fe), complete desorption was 

achieved in most cases upon heating at 110 °C under flowing Ar for 30 min. One 

exception to this was the cycling with 5000 and 500 ppm NO2, consistent with the 

chemisorption of the contaminant. This lack in complete desorption was more pronounced 

for the cycling at 5000 ppm NO2, which showed only a loss of 0.40 mmol g
-1

. This result 

suggests that desorption was more readily achieved at lower concentrations due to the 

lower overall mass change. The quantitative desorption of NO and SO2 is consistent with 

the physisorption of these contaminants.  

Powder diffractograms of STA-16(Co) after the contaminant cycling revealed a loss in 

crystallinity, consistent with a loss in long-range crystallographic ordering or a partial 

decomposition of the structure. A partial transformation into the non-porous CoMOF was 

only observed after the cycling using 2000 ppm SO2, which is in good agreement with 
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PXRD data after exposure to 10000 ppm SO2. The absence of peaks corresponding to 

CoMOF after the cycling with 5000 ppm SO2 is considered to be due to the very small 

sample amount used for the PXRD measurement, which might have not been 

representative for the bulk of the sample. 

 
Figure 5.27: TGA profile (left) and the mass gain (right) of different concentrations of 

NO, NO2 and SO2 on MIL-53(Al)-NH2 and STA-16(Co) during the contaminant cycling at 

25 °C. The partial pressures of the contaminant were varied between 0 and 500 or 2000 

or5000 ppm. 

The results of the contaminant cycling experiments showed that the chemisorption of NO2 

onto CUS in MIL-100(Fe) and STA-16(Co) resulted in the irreversible adsorption of the 

contaminant, especially at 5000 ppm. At this concentration of NO2, the mass change in 

MIL-53(Al)-NH2 was found to be completely reversible, which can be attributed to the 

flexibility of the framework as discussed previously (Sections 5.3.4.1.3 and 5.3.4.1.3). The 

accumulations of the contaminants in MIL-100(Fe), MIL-53(Al)-NH2 and STA-16(Co) 

will presumably have a significant impact on the CO2 capture during post-combustion. 

5.3.4.2.2 Flue gas contaminant cycling experiments in the presence of CO2 

Figure  5.28 to 5.30 show the mass variations as each of the samples were separately 

subjected to the contaminants in the presence of CO2 during the five cycle experiments at 

25 °C to demonstrate the likely impact of the flue gas contaminants on the CO2 capacity. 

The partial pressures of CO2 were varied between 0.05 and 0.15 bar, but the contaminant 

partial pressures were varied between 0 and 500 ppm for NO and NO2 and between 0 and 

2000 ppm for SO2. The results were then compared to the first five cycles of the CO2 

cycling experiments. The mass loss in each cycle is defined as the difference in mass 
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change between 0.15 and 0.05 bar. FTIR spectra and powder diffractograms after the 

CO2/contaminant cycling are shown in the supplementary information and did not show 

any changes unless stated otherwise.  

Figure  5.28 shows the mass changes and losses during the CO2/contaminant and CO2 

cycling processes in MIL-100(Fe). The average mass uptake during the CO2 cycling in the 

absence of contaminants was determined to be 0.15 mmol g
-1

. A comparison of the 

average CO2 uptake and the mass uptakes of NO, NO2 and SO2 at concentrations typical of 

flue gas suggests that CO2 was presumably adsorbed selectively into the framework during 

the CO2/contaminant experiments.  

The TGA profile of the CO2 cycling shows that equilibrium was achieved during the 

20 min allowed in each adsorption and desorption step, consistent with the good 

adsorption and desorption kinetics. Equilibrium was not achieved during the CO2/NO 

(cycles one to four), CO2/NO2 and CO2/SO2 as a result of the slower adsorption kinetics. 

Furthermore, the accumulation of the flue gas contaminants observed during the 

contaminant cycling experiments in the absence of CO2 resulted in additional mass 

changes beyond those observed for CO2 alone. The CO2 capacities during the CO2/NO and 

CO2/NO2 cycling process were estimated using the following assumptions: (1) the mass 

loss observed during the CO2/NO and CO2/NO2 cycling experiments was due to the 

desorption of CO2, as NO and NO2 was not desorbed during the contaminant cycling 

experiments in the absence of CO2, and (2) the amount of CO2 desorbed was consistent 

with the amount of CO2 adsorbed. Under these assumptions, the CO2 capacities were 

found to be diminished to 0.08 mmol g
-1

 in each cycle for both NO and NO2. This result is 

consistent with the comparable mass uptakes in each cycle during the contaminant cycling 

in the absence of CO2. A different assumption needs to be applied in the case of CO2/SO2 

cycling due to the partial desorption of 2000 ppm SO2 during the contaminant cycling. We 

assigned the steep mass gain at the beginning of each adsorption step to the adsorption of 

CO2 and the following rise in mass to the adsorption of SO2. The calculated CO2 and SO2 

uptakes were approximately 0.11 mmol g
-1

 and 0.05 mmol g
-1

. The value for SO2 is in 

good agreement with the mass gain in the last cycle of the contaminant cycling experiment. 

The reduction in CO2 uptake in each cycle from 0.15 mmol g
-1

 in the absence of the 

contaminant to 0.11 mmol g
-1

 in the presence of SO2 is a result of the accumulation and 

competitive adsorption of SO2. 
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Figure 5.28: TGA profile (left) and mass loss (right) of CO2 with and without NO, NO2 

and SO2 on MIL-100(Fe) at 25 °C. Cycling experiments were conducted by varying the 

CO2 partial pressure between 0.05 and 0.15 bar and the contaminant partial pressure 

between 0 ppm and 500 ppm (NO, NO2) or 2000 ppm (SO2). 

After the CO2/contaminant cycling experiments the crystallinities were diminished 

(supplementary information), which is consistent with the loss in long-range 

crystallographic ordering or the partial collapse of the framework. This result is in good 

agreement with those previously noted after the screening tests, individual exposure to 

10000 ppm of contaminant and contaminant cycling. 

The mass variations after subjecting MIL-53(Al)-NH2 to the CO2/contaminant mixtures or 

to CO2 alone during the cycle experiments are shown in Figure  5.29. The comparison of 

the average CO2 uptake (0.66 mmol g
-1

) with the average mass gain in each cycle during 

the contaminant cycling with 500 ppn NO (0.04 mmol g
-1

) or NO2 (0.08 mmol g
-1

) and 

2000 ppm SO2 (0.11 mmol g
-1

) revealed that CO2 should be adsorbed more selectively 

than the contaminants.  

During the CO2 cycling with and without NO equilibration in mass was observed in each 

adsorption step. The additional mass gain during the equilibration time of 20 min in the 

TGA profiles of CO2/NO2 and CO2/SO2 is consistent with the slow adsorption kinetics of 

NO2 and SO2. The mass changes prior to the first cycle (Feature A in Figure 10 left) 

corresponding to the adsorption of CO2 at 0.05 bar vary from experiment to experiment.
d
 

                                                 
d
 Feature A was a result of a default of the flow meter, which resulted in a small flow of CO2 during the 

initial pre-treatment of the sample, especially during the equilibriation (40 min at 25 °C in flowing Ar) prior 

to the contaminant/CO2 cycling process. As a result the mass change during the contaminant/CO2 cycling is 

lower than during the CO2 cycling experiment. 
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The increase in mass at 0.05 bar from one cycle to the next during the CO2/contaminant 

cycling experiments is consistent with the accumulation of the contaminants. The 

calculation of the CO2 capacities during the CO2/contaminant experiments was conducted 

by using the assumptions made for MIL-100(Fe). The calculated CO2 uptakes were 

determined to be 0.52, 0.41 and 0.32 mmol g
-1

 for NO, NO2 and SO2, respectively. The 

degree to which the CO2 capacities were diminished is consistent with the higher mass 

gain in each cycle in the 2000 ppm SO2 cycling experiments in the absence of CO2, than in 

the 500 ppm NO and 500 ppm NO2 cycling experiments in the absence of CO2. 

 
Figure 5.29: TGA profile (left) and mass loss (right) of CO2 with and without NO, NO2 

and SO2 on MIL-53(Al)-NH2 at 25 °C. Cycling experiments were conducted by varying 

the CO2 partial pressure between 0.05 and 0.15 bar and the contaminant partial pressure 

between 0 ppm and 500 ppm (NO, NO2) or 2000 ppm (SO2). 

After the CO2/contaminant cycling experiments the crystallinities were diminished 

(supplementary information), which is consistent with the loss in long-range 

crystallographic ordering or the partial collapse of the framework. No additional peaks 

corresponding to the lp form of MIL-53(Al)-NH2 were observed after the CO2/NO2 

cycling experiment, which suggests that the flexibility of the MOF is reversible upon 

heating to 110 °C under flowing Ar for 30 min.  

The changes in mass after subjecting STA-16(Co) to the CO2/contaminant mixtures or to 

CO2 alone are shown in Figure  5.30. The comparison of the average CO2 uptake 

(0.21 mmol g
-1

) with the contaminant uptakes from the contaminant cycling experiments 

suggests that CO2 should be selectively adsorbed in the presence of NO and NO2, but a 

more competitive adsorption is projected to occur in the presence of SO2. 
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The equilibration time of 20 min for each adsorption and each desorption step was 

insufficient in most cases. The progressing mass increase during the CO2 cycling 

experiment suggests that strong interactions of the CO2 with the CUS occur, which result 

in slow adsorption kinetics (see Chapter 3.6). The accumulation of the contaminants was 

especially observed during the CO2/SO2 cycling experiment, which showed mass changes 

beyond those observed for CO2 alone. In contrast to this, the overall mass changes in the 

CO2/NO and CO2/NO2 TGA profiles were lower than those observed for CO2 alone. 

 
Figure 5.30: TGA profile (left) and mass loss (right) of CO2 with and without NO, NO2 

and SO2 on STA-16(Co) at 25 °C. Cycling experiments were conducted by varying the 

CO2 partial pressure between 0.05 and 0.15 bar and the contaminant partial pressure 

between 0 ppm and 500 ppm (NO, NO2) or 2000 ppm (SO2). 

The estimation of the CO2 capacities was conducted using the assumptions stated above 

for MIL-100(Fe). The CO2 uptakes were diminished to approximately 0.11, 0.09 and 

0.14 mmol g
-1

 for NO, NO2 and SO2, respectively.  

The PXRD measurements after the CO2/contaminant cycling experiments revealed a 

decrease in crystallinity, consistent with the loss in long-range crystallographic ordering or 

the partial decomposition of the framework. In contrast to the contaminant cycling 

experiments in the absence of CO2, no additional peaks corresponding to the partial 

transformation into the CoMOF were present. This suggests that CO2 presumably prevents 

the transformation. 

The presence of the contaminants resulted in a deterioration of the CO2 capacities during 

cycling processes, which suggests that the removal of these contaminants is required prior 

to the post-combustion capture of CO2. However, further analyses should be conducted to 
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determine the CO2/contaminant selectivities and the accurate CO2 uptakes. Furthermore, 

the presence of H2O in flue gas is likely to impact the adsorption of the contaminants and 

needs to be evaluated. 

5.3.5 Conclusion 

The effects of NO, NO2 and SO2 on the stability and capture ability of MIL-100(Fe), MIL-

53(Al)-NH2 and STA-16(Co) were studied by conducting a series of screening tests, FTIR 

studies, PXRD studies and CO2 cycling experiments with and without the contaminants.  

FTIR studies before and after the exposure of the materials to 10000 ppm of contaminants 

indicated that NO2 interacted strongly with the CUS of MIL-100(Fe) and STA-16(Co) by 

forming a monodentate nitrate species. The spectra of each of the MOFs after the exposure 

to NO and SO2 indicated that these contaminants were physisorbed. Furthermore, the 

adsorption of NO2 in MIL-53(Al)-NH2 was found to proceed via physisorption rather than 

chemisorption. 

PXRD studies revealed the deterioration of the crystallinities in all MOFs examined, 

consistent with the loss in long-range crystallographic ordering or the partial 

decompositions of the frameworks. STA-16(Co) was partially transformed into the 

CoMOF, a non-porous polymorph, and in the case of NO2 adsorption at 80 °C the 

framework was completely decomposed. The adsorption of 10000 ppm of NO2 into the 

flexible framework of MIL-53(Al)-NH2 resulted in a phase change from the np into the lp 

form. The flexibility of the framework was found to be reversible upon vacuum activation 

at room temperature or upon heating to 110 °C under flowing Ar for 30 min. 

The flexibility of MIL-53(Al)-NH2 was found to be beneficial for the complete recovery of 

the material after the TGA experiment with 5000 ppm of NO2. MIL-100(Fe) and STA-

16(Co) exhibited an irreversible adsorption of 5000 ppm NO2, which was due to the strong 

interaction of the contaminant with the CUS, consistent with the chemisorption of the 

contaminant. In the case of the contaminant concentrations typical of flue gas, no 

desorption of NO and NO2 was observed upon lowering the partial pressure. SO2 on the 

hand was partially desorbed from all materials examined. 

The presence of contaminants was found to have a significant impact on the CO2 capture 

ability of all three MOFs, which was confirmed by the diminished CO2 capacities. This 

result together with the deteriorated crystallinities suggests that the removal of NO, NO2 
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and SO2 would be required if these materials were to be considered for post-combustion 

CO2 capture. However, further studies, including the CO2/contaminant cycling in the 

presence of H2O, breakthrough experiments and N2 adsorption/desorption measurements at 

-196 °C should be conducted in order to determine the impact of H2O on the contaminant 

sorption, the CO2/contaminant selectivity and the extent of the decomposition of the 

MOFs. 
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5.3.8 Structure validation of MIL-53(Al)-NH2 

Elemental analysis was conducted by the Campbell Microanalytical Laboratory at the 

University of Otago, New Zealand. The theoretical composition of MIL-53(Al)-NH2 was 

calculated from the empirical framework formula Al(OH)[C6H3(COO)2NHCOC6H5] 

·0.9H2O. The experimental C, H and N contents were in good agreement with the 

theoretical values and confirm the formation of MIL-53(Al)-NH2. 

Table 5.1: Comparison of experimental and theoretical C, H and N contents of MIL-

53(Al)-NH2 np. 

The phase purity of MIL-53(Al)-NH2 was confirmed via PXRD. The experimental data 

was in good agreement with the calculated diffractogram.  

 
Figure 5.31: Powder X-ray diffractogram of MIL-53(Al)-NH2 (black) in comparison with 

the calculated diffraction pattern for MIL-53(Al)-NH2 np (red) [1]. 

5 10 15 20 25 30

In
te

n
si

ty
 /

 a
.u

. 

2 Theta / ° 

 C / % H / % N / % 

MIL-53(Al)-NH2 40.01 3.27 5.82 

MIL-53(Al)-NH2 np calculated 40.15 3.29 5.85 



Effect of flue gas contaminants 

306 

 

5.3.9 FTIR of MIL-100(Fe) after contaminant sorption – TGA 

 

 

 
Figure 5.32: FTIR spectra of MIL-100(Fe) before and after the screening tests, the 

contaminant cycling (25 °C) and the CO2/contaminant cycling (25 °C) experiments with 

(a) NO, (b) NO2 and (c) SO2. 
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5.3.10 FTIR of MIL-53(Al)-NH2 after contaminant sorption – TGA 

 

 

 
Figure 5.33: FTIR spectra of MIL-53(Al)-NH2 before and after the screening tests, the 

contaminant cycling (25 °C) and the CO2/contaminant cycling (25 °C) experiments with 

(a) NO, (b) NO2 and (c) SO2. 
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5.3.11 FTIR of STA-16(Co) after contaminant sorption – TGA 

 

 

 
Figure 5.34: FTIR spectra of STA-16(Co) before and after the screening tests, the 

contaminant cycling (25 °C) and the CO2/contaminant cycling (25 °C) experiments with 

(a) NO, (b) NO2 and (c) SO2. 
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5.3.12 PXRD of MIL-100(Fe) after contaminant sorption – TGA 

 

 

 
Figure 5.35: PXRD of MIL-100(Fe) before and after the screening tests, the contaminant 

cycling (25 °C) and the CO2/contaminant cycling (25 °C) experiments with (a) NO, (b) 

NO2 and (c) SO2. 
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5.3.13 PXRD of MIL-53(Al)-NH2 after contaminant sorption – TGA 

 

 

 
Figure 5.36: PXRD of MIL-53(Al)-NH2 before and after the screening tests, the 

contaminant cycling (25 °C) and the CO2/contaminant cycling (25 °C) experiments with 

(a) NO, (b) NO2 and (c) SO2. 
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5.3.14 PXRD of STA-16(Co) after contaminant sorption – TGA 

 

 

 
Figure 5.37: PXRD of STA-16(Co) before and after the screening tests, the contaminant 

cycling (25 °C) and the CO2/contaminant cycling (25 °C) experiments with (a) NO, (b) 

NO2 and (c) SO2. 
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6 Non-porous MOF 

6.1 Chapter overview 

Phosphonate MOFs are hypothesised to offer an alternative to the well known MOFs 

containing carboxylate ligands. However, the formation of porous phosphonate MOFs is 

challenging, as described in Chapter 1.3.3. During the course of this study problems were 

encountered during the synthesis of STA-16(Co) and this led to an investigation into the 

modification of reaction conditions. 

The communication presented in this chapter shows that the pH has a significant effect on 

the formation of porous phosphonate MOFs. The change of the initial pH during the 

synthesis of the microporous STA-16(Co) resulted in the formation of a non-porous 

framework structure, which was further characterised by single-crystal XRD, PXRD, 

FTIR, elemental analysis, SEM/EDS and argon physisorption. The CoMOF was found to 

be a polymorph of STA-16 with distinct structural differences. Despite the challenge in 

growing single crystals of phosphonate MOFs, large crystals were readily obtained .during 

the preparation of the MOF. 
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6.2 Formation of a non-porous cobalt-phosphonate framework by small pH 

change in the preparation of the microporous STA-16(Co) 
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6.2.1 Instrumentation 

A purple crystal of CoMOF was mounted on an OXFORD Gemini Ultra CCD 

diffractometer equipped with an Oxford Cryosystems 700 Cryostream and cooled to          

-150 °C. The data were collected with Cu Kα radiation (λ=1.5418 Å). The structure was 

solved by Direct Methods and refined using full matrix Least Squares with the SHELX-97 

program suite.[1] Non-hydrogen atoms were refined with anisotropic thermal parameters. 

Hydrogen atoms attached to carbon were placed in calculated positions using a riding 

model with d(C-H) = 0.99 Å and Uiso(H)=1.2×Ueq(C). Hydrogen atoms attached to oxygen 

were refined with the O-H distance restrained to 0.84(1) Å and the H-O-H angle 

approximately 109 degrees. The data was treated as a pseudo-merohedral twin (twin law:-1 

0 -1 0 -1 0 0 0 1, corresponding to a 180 degree rotation about a, BASF 0.03) which 

reduced R1 by approximately 2%. However, there remained an electron density maxima of 

3.3 e.Å
-3

 in the final difference Fourier map, located ca 1.95 Å from O(8) and is presumed 

to be a consequence of further unaccounted for twinning. Attempts to model the electron 

density peak as a disordered water molecule were unstable and were not pursued further. 

The phase purities of the bulk samples were identified by X-ray powder diffraction on a 

Bruker D8 Focus powder diffractometer using Cu Kα radiation. The PXRD pattern was 

simulated using the module “Reflex Tools” in Materials Studio 6.0.  

The C, H, N and P contents were determined by elemental analysis in the Campbell 

Microanalytical Laboratory at the University of Otago, New Zealand.  

SEM images and EDX were obtained using a JEOL 7001F Field Emission Scanning 

Electron Microscope. The accelerating voltage was set to 15 kV. 

The FTIR spectra were recorded on KBr pellets in a Perkin-Elmer Spectrum RXI Fourier-

transform infrared spectrometer in the spectral range 4000 to 400 cm
-1

.  
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Thermogravimetric analysis was performed using a Setaram TAG 24 symmetrical 

thermoanalyzer from room temperature to 900 °C at a ramp of 2 °C min
-1

 under an air and 

argon mixture.  

Argon physisorption at -186 °C was measured on a ASAP 2020 porosimeter. Prior to 

analysis the MOF was degassed at 150 °C. 

6.2.2 Single-crystal X-ray structure determination and refinement details 

Table S1: Details for structural analysis of CoMOF. 

Compound CoMOF 

Empirical formula Co2C12H26N2O8P2 

Formula weight/ g mol
-1

 506.15 

Crystal system Monoclinic 

Space group P 21/c 

a / Å 15.0954(6) 

b / Å 11.5689(4) 

c / Å 10.6232(4) 

β / ° 110.192(4) 

V / Å
3 

1741.19(11) 

Z 4 

Dcalcd / g cm
-3

 1.931 

µ / mm
-1

 2.135 

F(000) 1040 

Measured reflection/unique 18166/3992 

Observed reflection 3699 

Rint 0.0333 

Goodness-of fit on F
2
 1.037 

R1, wR2 (obs. data) 0.0356, 0.0853 

R1, wR2 (all data) 0.0405, 0.0892 
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6.2.3 PXRD 

 
Figure S1: Effect of different pH values on the formation of STA-16(Co) and CoMOF. 

6.2.4 Thermal decomposition 

 
Figure S2: Thermal decomposition of CoMOF. 
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6.2.5 Argon physisorption and pore size distribution 

 
Figure S3.1: Adsorption (■) and desorption (□) isotherms of Ar uptake on CoMOF at        

-186 °C. 

 
Figure S3.2: Nonlinear DFT-calculated pore size distribution, assuming cylindrical pores. 
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6.2.6 FTIR spectrum 

 
Figure S4: FTIR spectrum of CoMOF. 

6.2.7 References supplementary information 

[1] G. Sheldrick, "A short history of SHELX," Acta Crystallogr. Sect. A, vol. 64, pp. 

112-122, 2008. 
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7 Conclusion and future work 

7.1 Conclusion 

A variety of MOFs, including the rigid framework types containing CUS (MIL-100(Fe), 

MIL-101(Al)-NH2, MIL-101(Cr)-NH2, STA-16(Co)) and a flexible framework (MIL-

53(Al)-NH2) were synthesised and characterised via FTIR, PXRD, helium density, N2 

adsorption/desorption, SEM and elemental analysis. The applicability of these materials 

for post-combustion capture was evaluated via low pressure CO2 sorption experiments 

(≤ 0.5 bar), by varying the CO2 partial pressure between 0.05 and 0.15 bar until ten cycles 

of adsorption and desorption were carried out under both dry and wet (1 vol% H2O) 

conditions. The effect of the flue gas contaminants NO, NO2 and SO2 on the CO2 capture 

abilities and MOF stabilities was also studied. 

The most promising MOF under dry cycling conditions was the flexible MIL-53(Al)-NH2, 

which exhibited a working capacity of 2.88 wt% at 25 °C. In contrast to this, the working 

capacities of the rigid frameworks, MIL-100/MIL-110(Al), MIL-100(Fe), MIL-101(Cr)-

NH2, MIL-101(Al)-NH2 and STA-16(Co), were all found to be less than 1 wt%. While the 

presence of 1 vol% H2O almost completely disabled the CO2 adsorption and desorption in 

MIL-53(Al)-NH2, the rigid frameworks were still able to adsorb and desorb CO2. The 

majority of the MOFs investigated in this work exhibited high H2O uptake as well as a 

good H2O stability and are potentially applicable as selective H2O adsorbents. 

An improvement of the cycling ability in MIL-53(Al)-NH2 was sought by PSM with 

benzoic anhydride (MIL-53(Al)-AM). The presence of the bulky anhydride resulted in a 

severe decrease of the working capacities from 2.88 wt% before PSM to 0.37 wt% after 

PSM under dry cycling conditions. Further reduction in the working capacity was observed 

under humid conditions. Despite the diminished working capacities, PXRD of both MIL-

53(Al)-NH2 and MIL-53(Al)-AM confirmed the stability of the frameworks during the wet 

cycling. However, the removal H2O from the flue gas prior to the capture process will be 

necessary if MIL-53(Al)-NH2 was to be considered as an adsorbent for post-combustion 

capture. 

Improved working capacities in MIL-100(Fe), MIL-101(Al)-NH2 and MIL-101(Cr)-NH2 

were sought by grafting amine groups onto the CUS. The following amine modifications 

were conducted: 
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 PSM of MIL-100(Fe) using 5, 25 and 30 wt% PEI, 3.6 and 4.5 wt% ED, 

 PSM of MIL-101(Cr)-NH2 using 75, 100 and 150 wt% PEI, 100 wt% DETA, 

150 wt% DAB-AM-8 and 150 wt% ED, 

 PSM of MIL-101(Al)-NH2 using 50 and 100 wt% PEI, 100 wt% DETA and 

100 wt% DAB-AM-8. 

PSM of the MOFs was successfully achieved, as confirmed by a variety of characterisation 

methods (FTIR, elemental analysis, helium density, N2 adsorption/desorption at -196 °C). 

The effect of the amines on the CO2 adsorption was evaluated by conducting low pressure 

CO2 adsorption/desorption and cycling experiments. It was found that the extent of CO2 

adsorption was affected by various factors, including CUS type/metal centre, pore volume, 

amine type, amine loading and temperature. General conclusions from this study are: 

 An increase in CO2 partial pressure (0-0.5 bar) always led to a rise in CO2 

adsorption capacity. 

 CO2 saturation was almost achieved in PSM materials in the partial pressure range 

of 0-0.5 bar, which suggests that these PSM materials are only applicable for low 

pressure separation processes. 

 Improved CO2 adsorption capacities were obtained in most PSM materials, 

especially at partial pressures ≤ 0.15 bar. 

 The CO2 adsorption/desorption rates of the neat amines and most PSM materials 

improved with increasing temperature, especially in the case of DAB-AM-8 and 

PEI modified frameworks, due to the higher mobility of the amines and the better 

diffusivity of CO2. Therefore, cycling experiments were mostly conducted at 75 or 

105 °C. 

 The heats of adsorption of some PSM materials indicated a change of adsorption 

mode from physisorption to chemisorption, especially in amine modified MIL-

101(Al)-NH2 and MIL-101(Cr)-NH2. 

 ED and DETA modifications were found to have a lower impact on the CO2 

adsorption capacities than DAB-AM-8 and PEI, due to the lower amine densities. 

Moreover, higher loadings of DAB-AM-8 and PEI resulted in an increase in CO2 

adsorption capacity with increasing temperatures. 

 All DETA modified materials were outperformed by neat DETA.  
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 The properties of the MOFs play an important role in determining their capability 

to be modified with “bulky” amines and high amine loadings. PSM of MIL-

100(Fe) with ED and PEI resulted in only small improvements, due to the low 

loadings achieved in the case of ED and the coating of the surface at PEI loadings 

of 50 wt%. 

 The most promising materials were MIL-101(Al)-NH2-PEI-96 and MIL-101(Cr)-

NH2-DAB-AM-8-145, which exhibited higher CO2 adsorption capacities than the 

neat amines and the parent MOFs over the entire pressure and temperature range 

studied (low pressure CO2 experiments).  

 Only MIL-101(Cr)-NH2-DAB-AM-8-145 outperformed its parent MOF with CO2 

working capacities of 0.97 wt% vs. 0.81wt% and 0.98 wt% vs. 0.85 wt% under dry 

and wet cycling conditions, respectively. 

 The PSM of the MOFs reduced the H2O uptake, especially at higher loadings and 

higher temperatures, due to the pore filling with the amines. 

 Due to the decline in crystallinity upon PSM, especially in MIL-101(Al)-NH2 and 

MIL-101(Cr)-NH2, the evaluation of their H2O stability via PXRD was not 

possible. 

The effects of NO, NO2 and SO2 on the stability and capture ability of MIL-101(Cr), MIL-

101(Cr)-NH2, MIL-101(Al)-NH2, MIL-100(Fe), MIL-53(Al)-NH2 and STA-16(Co) were 

determined via a series of screening tests, cycling experiments as well as PXRD and FTIR 

studies. General conclusions from this study are: 

 PXRD studies revealed a decrease in crystallinity in all MOFs, which suggests the 

the loss in long-range crystallographic ordering or the partial decomposition of all 

MOFs examined. A phase transformation of STA-16(Co) into the non-porous 

CoMOF was observed upon NO and SO2 exposure, but complete loss of 

crystallographic long-range ordering or the complete collapse of the framework 

occurred upon NO2 exposure. If the MOFs decompose in the presence of the flue 

gas contaminants, then these contaminants need to be removed prior to the capture 

process, if these materials were to be considered for industrial applications.  

 MIL-53(Al)-NH2 was found to be flexible upon NO2 adsorption. This phenomenon 

was reversible upon vacuum activation at room temperature or upon heating the 

MOF at 110 °C under flowing Ar for 30 min. The flexibility of MIL-53(Al)-NH2 

was found to be beneficial for the complete desorption of 5000 ppm NO2. 
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 NO2 interacted strongly with those MOFs containing CUS resulting in irreversible 

adsorption (5000 ppm NO2) upon heating under Ar atmosphere. This result was 

confirmed by FTIR studies, which showed the formation of a monodentate nitrate 

species (MIL-100(Fe), STA-16(Co)) or chelating bidentate species (MIL-101(Cr), 

MIL-101(Cr)-NH2, MIL-101(Al)-NH2).  

 During the contaminant cycling experiments at contaminant concentrations typical 

of flue gas, contaminant desorption upon lowering the contaminant partial pressure 

was only achieved in the case of 2000 ppm SO2. No subsequent desorption of 

500 ppm NO and 500 ppm NO2 was observed upon lowering the partial pressure. 

 The progressive accumulation of NO, NO2 and SO2 resulted in diminished CO2 

capacities, which also suggested that the removal of these contaminants from flue 

gas would be required if these materials were to be considered for post-combustion 

CO2 capture. 

The hydrothermal stabilities of MIL-100/MIL-110(Al), MIL-101(Al)-NH2 and STA-

16(Co) were evaluated by measuring CO2 adsorption isotherms (0-5 bar) before and after 

the adsorption/desorption of H2O at 25 °C. The exposure to 30 % RH resulted in a collapse 

of MIL-110(Al) and MIL-101(Al)-NH2, while MIL-100(Al) and STA-16(Co) remained 

stable. The phosphonate MOF, STA-16(Co), was further subjected to 60 and 90 % RH. 

While the framework remained stable at 60 % RH, a phase transformation occurred after 

the adsorption/desorption of 90 % RH.  

The suitability of MIL-100/MIL-110(Al), MIL-100(Fe), MIL-101(Cr)-NH2, MIL-101(Al)-

NH2 and STA-16(Co) for high pressure separation processes was confirmed by conducting 

high pressure (0-40 bar) CO2 and N2 sorption experiments. While these materials might 

not be suitable for post-combustion capture, they do exhibit reasonable CO2 adsorption 

capacities at 40 bar and they also selectively adsorb CO2 over N2. The CO2 capacity was 

found to decline in the order MIL-101(Cr)-NH2 (75.2 wt%) > MIL-101(Al)-NH2 

(56.8 wt%) ~ MIL-100/MIL-110(Al) (53.6 wt%) > MIL-100(Fe) (46.4 wt%) > STA-

16(Co) (33.1 wt%) at 25 °C and 40 bar. In most cases, the CO2 adsorption capacities were 

much higher than those reported for the benchmark system zeolite 13X (~32.6 wt% at 

25 °C and 40 bar) [1]. 
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7.2 Future work 

A number of problems were encountered in this project regarding the syntheses of MIL-

100(Al) and STA-16(Co). Although the synthetic procedures reported in the literature 

were repeated, mixed MOF materials were obtained in both cases. Changes in the pH were 

unsuccessful in providing a phase pure MOF. Future studies should focus on the 

improvement of the synthesis conditions in order to achieve a reproducible preparation of 

these MOFs. Due to the presence of CUS in both framework structures, it is anticipated 

that their PSM could result in higher CO2 adsorption capacities. 

While the regenerability of most MOFs was confirmed by CO2 cycling experiments, 

longer cycling studies and the performance in the presence of higher relative humidities 

need to be considered. The H2O content in flue gas is higher than the 1 vol% H2O vapour 

used in this work and therefore could have a big impact on the CO2 working capacities and 

the H2O stability of the materials. Due to the use of the adsorbents over many cycles, an 

increase in the number of test cycles would give better insight into the long term stability 

of the MOFs. Furthermore, in order to get a better understanding of the H2O stability of 

MOFs during the wet cycling experiments, especially of PSM materials, N2 adsorption and 

desorption at -196 °C should be conducted after the exposure of a sample large enough for 

N2 adsorption/desorption (~200 mg) to 1 vol%H2O. 

Furthermore, in industry adsorbents are commonly used in the form of pellets. The effect 

of pelletisation on the CO2 uptake as well as on the stability of the framework structures 

need to be studied. A number of considerations need to be made: 

 How stable are the pellets? Will the adsorption of H2O vapour result in degradation 

of the pellet? 

 Will the pressure used to press the pellets destroy the framework structure? If so, 

how can the stability of the MOF be improved? 

 How and when should the pelletised material be activated? Does this have an 

impact on the CO2 adsorption capacity and working capacity? 

 How should the flexible MOFs be handled? 

Due to the low CO2 content in the flue gas, the competitive adsorption in binary (CO2/N2) 

and ternary (CO2/N2/H2O) gas mixtures needs to be carefully evaluated prior to industrial 

application. The MOFs studied in this work are strongly selective for H2O and it needs to 

be determined how these materials would perform under more realistic flue gas conditions. 
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Flue gas contaminants have a big impact on the CO2 capture ability and the stability of the 

studied MOFs. Future studies should focus on cycling experiments using 

CO2/impurity/H2O mixtures. Studies in the literature have shown that H2O can prevent the 

decrease in CO2 capacity in the presence of the contaminants. Furthermore, N2 adsorption 

and desorption at -196 °C should be conducted after the exposure to the flue gas 

contaminant to help determine if the MOFs are decomposing (pore collapse). 

7.3 References 

[1] S. Cavenati, C. A. Grande, and A. E. Rodrigues, "Adsorption Equilibrium of 

Methane, Carbon Dioxide, and Nitrogen on Zeolite 13X at High Pressures," 

Journal of Chemical & Engineering Data, vol. 49, pp. 1095-1101, 2004/07/01 

2004. 
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Appendix 1: MOF structures 

Table Appendix 1: Overview of MOFs including their metal centres, ligands, empirical formula and references for the MOF structures. 

MOF 

Metal 

centre 

(M) 

Ligand Empirical Formula Reference 

Ca-MOF Ca
2+ 

 
 

R=H, NH2, NO2, Br 

Ca[C6H3NH2(COO)2][DMF] [1] 

MIL-47 V
4+ 

M(O)[C6H3H(COO)2] [2] 

MIL-53 

Al
3+

, 

Cr
3+

, 

Fe
3+ 

MIL-53 as 

M(OH)[C6H3R(COO)2]∙ 

[C6H4(COOH)2]0.7 

MIL-53 np 

M(OH)[C6H3R(COO)2] 

MIL-53 lp 

M(OH)[C6H3R(COO)2∙H2O 

[3-7] 

MIL-68 

Al
3+

, 

Fe
3+

, 

Ga
3+

, 

In
3+

, 

Sc
3+

, V
3+ 

M(OH)[C6H3R(COO)2]∙(solv)x [8-11] 

MIL-101 

Al
3+

, 

Cr
3+

, 

Fe
3+

,  

M3X(H2O)2O[C6H3R(CO2)2]3 

(X=F, OH) 
[12-18] 
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Table Appendix 1 (continued): Overview of MOFs including their metal centres, ligands, empirical formula and references for the MOF 

structures. 

MOF 

Metal 

centre 

(M) 

Ligand Empirical Formula Reference 

MOF-5 (IRMOF-1, R=H) 

IRMOF-3 (R=NH2), 

Banasorb™-22 (R=OCF3) 

Zn
2+ 

 
 

R=H, NH2, NO2, Br 

Zn4O[C6H3R(COO)2]3 [19-21] 

MOF-235 
Al

3+
, 

Fe
3+

 

[Fe3O(C6H3R(COO)2)3(DMF)3] 

[FeCl] (DMF)3 
[22] 

MOF-LIC-1 Gd
3+ [Gd2(N-C6H3NH2(CO2)2)3 

(C3H7NO)4]n 
[23] 

UiO-66 Zr
2+ 

ZrO[C6H3R(COO)2] [24-27] 

HKUST-1 (Cu-BTC), 

UHM-30 (R=NH2) 
Cu

2+ 

 
R=H, NH2 

Cu3[C6H2R(COO)3]2 [28, 29] 

MIL-100 (R=H) 

Al
3+

, 

Cr
3+

, 

Fe
3+

, 

Mn
3+ 

M3O(OH)[C6H3(COO)3]2 [30-33] 
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Table Appendix 1 (continued): Overview of MOFs including their metal centres, ligands, empirical formula and references for the MOF 

structures. 

MOF 

Metal 

centre 

(M) 

Ligand Empirical Formula Reference 

AzM-BP (modification of 

IRMOF-9) 
Zn

2+
 

 

Zn4O(C14H10O4N6)3 [20, 34] 

Bio-MOF-11 Co
2+ 

 

Co2[C5N5H5]2[CO2CH3]2∙2DMF 

∙0.5H2O 
[35] 

Cu(bpp)2(BF4)2 Cu
2+ 

 

CuC26H28B2F8N4 [36] 
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Table Appendix 1 (continued): Overview of MOFs including their metal centres, ligands, empirical formula and references for the MOF 

structures. 

MOF 

Metal 

centre 

(M) 

Ligand Empirical Formula Reference 

CALF-25 Ba
2+ 

 

BaC24H28P4O12 [37] 

CPO-27 (MOF-74, M-

DOBDC) 

Co
2+

, 

Mg
2+

, 

Ni
2+

, 

Zn
2+ 

 

M2[C6H2(OH)2(COO)2][H2O]2 

∙8H2O 
[38-42] 
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Table Appendix 1 (continued): Overview of MOFs including their metal centres, ligands, empirical formula and references for the MOF 

structures. 

MOF 

Metal 

centre 

(M) 

Ligand Empirical Formula Reference 

Cu(bpy)2(BF4)2 Cu
2+ 

 

CuC20H20N4B2F8O2 [43] 

H3[(Cu4Cl)3(BTTri)8] Cu
2+ 

 

Cu12C72H96Cl3N72O12 [44] 
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Table Appendix 1 (continued): Overview of MOFs including their metal centres, ligands, empirical formula and references for the MOF 

structures. 

MOF 

Metal 

centre 

(M) 

Ligand Empirical Formula Reference 

DMOF-1 

(M(BDC-NH2)(TED)0.5,  

USO-2(Ni)) 

Zn
2+

 

Cu
2+ 

Ni
2+ 

 

[M(C6H3R(CO2)2)(C6H12N2)] [45-47] 

{(In3O(OH)(ADC)2 

(NH2IN)2}·2.67 H2O 
In

3+ 

 

[(In3O)(OH)(ADC)2(NH2IN)2] 

∙2.67H2O 
[48] 
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Table Appendix 1 (continued): Overview of MOFs including their metal centres, ligands, empirical formula and references for the MOF 

structures. 

MOF 

Metal 

centre 

(M) 

Ligand Empirical Formula Reference 

MOF-177 Zn
2+ 

 

Zn4O[C6H3(C6H4COO)2]∙15DEF 

∙3H2O 
[49] 

PCN-100 Zn
2+

 

 

Zn4O[C3N3(C6H4NHCOO)3]2 

∙17 DEF∙3 H2O 
[50] 
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Table Appendix 1 (continued): Overview of MOFs including their metal centres, ligands, empirical formula and references for the MOF 

structures. 

MOF 

Metal 

centre 

(M) 

Ligand Empirical Formula Reference 

PCN-101 Zn
2+

 

 

Zn4O[C6H3(C6H4NHCOO)3]2 

∙16 DEF∙5 H2O 
[50] 

SNU-M10 

Ni
2+

 

 

NiC18H27N5O4 

[51] 

SNU-M11 NiC19H29N5O4 

 



Appendix 1: MOF structures 

338 

 

 
Table Appendix 1 (continued): Overview of MOFs including their metal centres, ligands, empirical formula and references for the MOF 

structures. 

MOF 

Metal 

centre 

(M) 

Ligand Empirical Formula Reference 

STA-12 

Co
2+

, 

Fe
2+

 

Mg
2+

, 

Mn
2+

, 

Ni
2+ 

 

M2[C4H8N2CH2P2O6]∙nH2O [52, 53] 

STA-16 
Co

2+
, 

Ni
2+ 

 

M2(H2O)2[C12H22N2P2O6]∙nH2O [54] 

CoMOF Co
2+

 Co2(H2O)2[C12H22N2P2O6] [55] 
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Table Appendix 1 (continued): Overview of MOFs including their metal centres, ligands, empirical formula and references for the MOF 

structures. 

MOF 

Metal 

centre 

(M) 

Ligand Empirical Formula Reference 

UMCM-1 Zn
2+

 

 
R= H, NH2 

Zn4O[(C6H3R(CO2)2) 

(C24H15(CO2)3)4/3] 
[56] 

YO-MOF Zn
2+ 

 

Zn2[C30H18(COO)4][C24H12N4O4] [57] 
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Table Appendix 1 (continued): Overview of MOFs including their metal centres, ligands, empirical formula and references for the MOF 

structures. 

MOF 

Metal 

centre 

(M) 

Ligand Empirical Formula Reference 

ZIF-8 Zn
2+

 

 

Zn[C4H6N2]2 [58] 

Zn2(Atz)2(ox) Zn
2+

 

            C2O4H2 

Zn2[C2H4N4]2[C2O4H2] [59] 

Zn(ad)(ain)·DMF Zn
2+

 

 

Zn(C5H4N5)(C6H5N2O2)·(C3H7NO) [60] 
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Table Appendix 1 (continued): Overview of MOFs including their metal centres, ligands, empirical formula and references for the MOF 

structures. 

MOF 

Metal 

centre 

(M) 

Ligand Empirical Formula Reference 

Zn4O(H22)3 Zn
2+

 

 

Zn4C42H27N3O13 [61] 

Zn5(trencba)2(OH)2Cl2·4H2O Zn
2+

 

 

Zn5(C30H33N4O6)2(OH)2Cl2·4H2O [62] 
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Table Appendix 1 (continued): Overview of MOFs including their metal centres, ligands, empirical formula and references for the MOF 

structures. 

MOF 

Metal 

centre 

(M) 

Ligand Empirical Formula Reference 

Flexible ZnMOF (Chapter 

4) 
Zn

2+ 

 

Zn4C94H81.5N7O30 [63] 
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