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Abstract 

A multidisciplinary approach combining advanced experimental and modelling tools was 

undertaken to characterize the promises of a small-pore type Ti-based Metal-Organic 

Framework, MIL-91(Ti) for CO2 capture.  This material was prepared using two synthesis 

strategies, i.e. under hydrothermal conditions and under reflux, and its single component 

adsorption behaviour with respect to CO2, CH4 and N2 was first revealed by gravimetry 

measurements. This hydrophilic and highly water stable MOF is characterized by a relatively 

high CO2 adsorption enthalpy. Molecular simulations combined with in situ Powder X-ray 

diffraction evidenced that this is due to the combined interaction of this probe with N-H and 

P-O groups in the phosphonate linker. High CO2 selectivites in the presence of either N2 or 

CH4 were also predicted and confirmed by co-adsorption measurements. The possibility to 

prepare this sample under reflux represents an environmentally friendly route which can 

easily be upscaled. This green synthesis route, excellent water stability, high selectivities and 

relatively fast transport kinetics of CO2 are significant points rendering this sample of utmost 

interest for CO2 capture. 

 

1. Introduction 

Metal-Organic Frameworks (MOFs) are porous coordination polymers which combine the 

diverse architectures of coordination chemistry with porous properties relevant to materials 

science, leading to novel solids targeted for societally relevant applications. [1,2] These 

crystalline hybrid materials, where inorganic nodes are linked through polytopic organic 

moieties to give porous frameworks, show promise for applications such as catalysis, 

biomedicine, adsorption and separation, among others.[3-7] In spite of their attractive 
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properties, some of these materials have received criticism in light of their poor chemical 

stability, [8-9] the extensive use of organic solvents during their synthesis and the high cost of 

certain reactants required for scale up of their synthesis to a commercial level. [10] Whilst such 

points would limit the use of any material for many applications, these disadvantages do not 

apply universally to MOFs. Indeed, the wide spectrum of possible inorganic and organic 

building blocks permits the design of water-stable MOFs and ‘green’ synthesis routes can be 

devised. [11-13] Amongst the water-stable MOFs reported so far, there is the potential to find 

promising candidates for a targeted application. For instance, it has been reported that small 

pore MOFs [14-23] with openings of 3.0-4.0 Å, could be of interest for diverse gas separations. 

More particularly, most of these promising MOFs can be used for CO2 capture from binary 

gas mixtures with molecules of larger kinetic diameters such as N2 (flue gas treatment) and/or 

CH4 (natural gas or biogas purification) via molecular sieving.  

The small pore bis-phosphonate MIL-91(Al), [24] one of the relatively few porous phosphonate 

MOF reported so far, [24-29] was shown to interact strongly with CO2 due to the presence of 

accessible phosphonate P-OH groups and the high degree of confinement afforded by its 

narrow pores.[18] However, it displays an S-shaped CO2 adsorption isotherm below 1 bar, as a 

result of guest-induced rearrangement of the MOF framework. Previous work has suggested 

that such a structural flexibility is not ideal in mixture separation. [30,31] By analogy with the 

flexible MIL-53(Al, Cr, Fe)/MIL-47(V) systems, [30-32] a possible way to modulate the 

structural behaviour of a MOF solid upon adsorption is to change the metal centre. Hence, 

here we focus on the Ti-version of MIL-91 (Figure 1). This differs structurally from the Al 

analogue by the absence of bridging hydroxyl groups between adjacent metal centres (TiIV-O-

TiIV vs AlIII-OH-AlIII). A combination of advanced experimental and modelling tools reveals 

that this solid exhibits a standard Type I CO2 adsorption isotherm, with no S-shape, while 

maintaining a significantly higher affinity for CO2 compared to other gases (N2, CH4). This 
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results in MIL-91 being highly favourable in comparison with other MOFs in terms of CO2 

uptake and separation ability.  

 

 

Figure 1. Structure of MIL-91(Ti)  (TiO(O3PCH2NHC4H8NHCH2PO3), showing the chain of corner-sharing 

TiO6 octahedra along the b-axis (left) and the view down the b axis (right). The atoms are represented as follows: 

Ti, violet; P, green; C, grey; O, red; N, blue; H, white. 

 

We also report a new preparative aqueous HF free reflux route to this water-stable MOF [24], 

suitable for its easy and green upscaled preparation. Co-adsorption measurements which have 

been only very rarely reported for small pore solids due to slow adsorption kinetics and large 

error bars as a result of the very small amounts adsorbed were further performed on this 

material. They confirm the predicted promise of MIL-91(Ti) for CO2/CH4 and CO2/N2 

separation. Moreover, this solid shows adsorption performance indicators ranking above most 

of the MOFs reported so far. Finally, Quasi-elastic Neutron Scattering (QENS) experiments 

evidence that although this solid has quite small pore channels, the diffusivity of CO2 is 

relatively high, a requirement for its further application in physisorption-based processes for 

CO2 recovery.  

 

2. MIL-91(Ti) prepared by hydrothermal synthesis 

2.1. Textural characterization and water stability 
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The synthesis for MIL-91(Ti) reported previously [24] employs hydrothermal conditions and 

hydrofluoric acid (HF) as a mineralizing agent. This leads to a material with zeolite-like 

textural properties in terms of pore size and pore volume, a hydrophilic character although 

stable to humidity. Indeed, the porosity of this material, measured using nitrogen 

physisorption at 77 K, shows a BET area of 380 m2 g-1 and a pore volume of 0.141 cm3 g-1 

(at p/p°=0.1, Table S1, Fig. S7) in good agreement with the theoretically accessible N2-

surface area (403 m2 g-1) and pore volume (0.160 cm3 g-1) calculated from the crystal 

structure of MIL-91(Ti) (Table S2).  

The water adsorption isotherm obtained at 25°C after outgassing to 150°C is of Type I, 

(Figure 2). A second water adsorption cycle recorded after identical outgassing led to an 

overlapping isotherm suggesting that no structural degradation occurs during water 

adsorption-desorption. However, placing the sample under secondary vacuum for 1 hour 

between cycles is not sufficient to completely liberate the porosity, as a 16% decrease in 

uptake was observed (Fig. S8). In a separate series of experiments after outgassing to 80°C 

under nitrogen flow, the sample showed reversible behaviour for three water cycles, which 

indicates this MOF’s stability under these conditions and within the 3 week experimental 

period (Fig. S8). The water stability was finally confirmed by Powder X-ray diffraction 

(PXRD), which evidenced a very similar pattern for the sample dispersed in boiling water for 

24 hours compared to that of the pristine solid. This valuable latter feature is not shown by 

most of the MOFs proposed so far for CO2 capture. [33,34] 
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Figure 2. Water adsorption cycles at 25°C (left) and PXRD patterns (right) of MIL-91(Ti) synthesised under 

hydrothermal conditions (black, theoretical; red, before treatment; blue, after water adsorption/desorption 

cycling at 25°C for 3 weeks (λCu∼1.5406 Å). 

 

 

2.2. Single gas adsorption and comparison with molecular simulations 

The adsorption isotherms of MIL-91(Ti) were initially evaluated using gravimetry and the 

adsorption enthalpies were measured using calorimetry at 303 K, with CO2, CH4 and N2. The 

corresponding data are reported in Figure 3.  

 

Figure 3. Comparison of the adsorption isotherms (left) obtained by gravimetry (filled symbols) and by GCMC 

simulations (open symbols) at 303 K for CO2 (circles), CH4 (squares), N2 (triangles) for MIL-91(Ti). The 

corresponding adsorption enthalpies as a function of the coverage collected by microcalorimetry (right).  

3 10 20 30 40
2θ/ 
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The amounts adsorbed for both CH4 and N2 are relatively low with saturation capacities of ~ 

1.5 mmol g-1 and ~1.0 mmol g-1 at 40 bar, respectively, while their enthalpies are slightly 

larger than those obtained from many other MOFs (see the comparison on table S3). This can 

be explained by the more confined pore space exhibited by this structure. Grand Canonical 

Monte Carlo (GCMC) simulations confirmed (i) the low amounts adsorbed of both gases and 

(ii) their relatively high  adsorption enthalpies at zero coverage, i.e. around ~ -19.6 kJ mol-1 

(exp. -19.5 kJ mol-1) and ~ -24.6 kJ mol-1 (exp. -23.8 kJ mol-1)  for N2 and CH4 respectively 

(Figure 3). Analysis of the adsorption mechanism for these two guest molecules indicated the 

absence of specific adsorption sites for these probes at the MOF surfaces, as both N2 and CH4 

are mainly distributed in the centre of the pores (Fig. S19, S20). 

For CO2, the adsorption uptakes at 1 bar (~3.0 mmol g-1) and 10 bar (~4.5 mmol g-1) are rather 

high compared to other small pore MOFs previously proposed for separation purposes, such 

as MIL-53(Al)-NH2 (1.6 mmol g-1 at 283 K and 1 bar [35]), Sc2BDC3-NO2 (1.1 mmol g-1 at 

303 K and 1 bar 
[20]), UiO-66(Zr)-2CO2H (1.0 mmol g-1 at 303 K and 1 bar [12]) and SIFSIX-3-

Zn (2.3 mmol g-1 at 308 K and 1 bar [21]). Interestingly, the adsorption enthalpies for CO2, 

ranging from -47 kJ mol-1 to -43 kJ mol-1, are amongst the highest reported to date for MOFs 

and in particular these values are larger than those observed for MOFs without open metal 

sites (Table S3). Furthermore, this isotherm is completely reversible and repeatable after 

primary vacuum treatment at 303 K, indicating that a simple regeneration process for this 

porous solid is possible. 

Furthermore, in contrast to its Al-analogue, [18] the CO2 adsorption isotherm for MIL-91(Ti) 

does not show any inflection point below 1 bar, but exhibits a standard Langmuir-type shape, 

also applicable to the other gases, CH4 and N2. In situ Synchrotron PRXD data collected on 

the sample during CO2 loading (Fig. S12) and Density Functional Theory (DFT) calculations 

(see SI) performed on the structure in the presence of CO2 both suggest that a volume change 
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of only ~2% occurs (Table S9) with respect to the pristine structure (predicted and 

experimental unit cell volumes of 1576.05 Å3 and 1574.73 Å3, respectively, vs 1516.86 Å3 for 

the unloaded solid). However, the fact that there is no particular signature in the isotherm 

(inflection point) or change in the enthalpy curve suggests that this structure change on CO2 

adsorption may be gradual. 

The CO2 adsorption data are well reproduced by the GCMC simulations performed on the 

DFT-optimized CO2 loaded structure. Both in situ PXRD and GCMC data reveal that CO2 

molecules preferentially interact in a dual manner with the phosphonate linkers, the CO2 

molecules being aligned in such a way that carbon atoms of C═O groups (CCO2) interact with 

O atoms present in the environment of the P=O group and the N atom (PO∙∙∙H∙∙∙N), giving 

rise to CCO2 - OPO∙∙∙H∙∙∙N distances of about 2.7 Å (Figure 4). Such a confined geometry gives 

rise to a very high, predicted CO2 adsorption enthalpy at low coverage (i.e. -44.0 kJ mol-1), 

which is consistent with the microcalorimetry measurements (Figure 3).  

 

Figure 4. (a) Crystal structure obtained from the in situ Synchrotron XRPD data collected at Pco2= 35 bar and 

230 K. (b) Local views of the snapshots extracted from the GCMC simulations of MIL-91(Ti) at 1 bar and 303 K. 

The interacting distances are reported in Å and the atoms are represented with the same colour code as in Figure 

1. 
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From the combination of experimental and modelling single component adsorption data it was 

possible to make a preliminary comparison, using the energies of adsorption, to deliver a first 

evaluation of MIL-91(Ti) for gas separation. The high adsorption enthalpy differences 

between CO2 and other gases, i.e. Δ(ΔH(CO2)- ΔH(CH4))~ -20.0 (simulated: 19.4) kJ mol-1 

and Δ(ΔH(CO2)-ΔH(N2)) ~ -25 (simulated: -24.4) kJ mol-1, suggested that MIL-91(Ti) is of 

interest both for the selective adsorption of CO2 over CH4 and/or N2 (see Table S3). However 

further comparisons and mixture adsorption data were required to validate this initial 

approach, as shown below.  

 

 

3. Green synthesis of MIL-91(Ti) under reflux conditions 

3.1. Synthesis and comparison between samples  

To confirm the promise of MIL-91(Ti) for CO2 capture, a relatively large amount of sample 

was required to perform co-adsorption experiments. To upscale the synthesis of this material, 

a method is required which does not necessitate hydrothermal conditions or the use of HF. 

Hence, a reflux route in water was developed (see SI for full details) where N,N’-

piperazinebis(methylenephosphonic acid) is dissolved, with the aid of NaOH, in water under 

reflux before the addition of titanium oxyacetylacetonate and prior to a further reflux for 68 

hours. The initial characterization data of this material (PXRD, TGA, SEM) is provided in the 

supporting information. The BET area of the obtained solid was 360 m2 g-1 and the pore 

volume 0.138 cm3 g-1. Both values are similar to those obtained for the hydrothermally 

synthesized sample (380 m2 g-1 and 0.141 cm3 g-1), which validates this new synthetic route. 

The water isotherms (Fig. S8) shows that this solid has attractive water stability with a fully 

reversible water adsorption/desorption cycling under nitrogen flow. This is further confirmed 

by structure analysis where comparable PXRD patterns are obtained with the pristine sample 

and the one recorded after the 3 weeks of water adsorption/desorption cycling (Fig. S9). 

Further comparison between the samples was made using single gas adsorption at 303 K (Fig. 
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S10). It was shown that the uptakes and adsorption enthalpies for CH4 and N2 were similar for 

the two samples. A small deviation is observed for the CO2 adsorption with a slightly higher 

enthalpy for the sample prepared under hydrothermal conditions. This is equally translated in 

a steeper uptake at lower pressures and a sharper knee in the isotherm. However, the overall 

uptakes are similar at pressures above 10 bar for both samples. 

 

3.2. Adsorption of gas mixtures: modelling and real co-adsorption measurements. 

GCMC simulations, which concur with experimental data from single gas adsorptions, are a 

convenient initial means to predict the behaviour of this MOF with respect to binary gas 

mixtures. Hence, an evaluation of the potential applications of MIL-91(Ti) can then be 

deduced. With both post-combustion and natural gas upgrading scenarios in mind, GCMC 

simulations were carried out with mixtures of CO2/N2 (gas phase composition: 0.05/0.95; 

0.1/0.9 and 0.15/0.85) and CO2/CH4 (gas phase composition: 0.5/0.5) at 303 K and 313 K 

(Details in SI). The predicted selectivities varied from 80 to 100 at 1 bar, for CO2/N2 with 

0.05/0.95; 0.1/0.9 and 0.15/0.85 molar concentrations and in the temperature range 303 – 313 

K (Fig. S25). For CO2/CH4, the simulated data for an equimolar concentration resulted in 

values from 16 to 20 for the same temperature range (Fig. S26). These separation 

performances are amongst the highest reported so far for water stable MOFs (Tables S5 & S6). 

Analysis of the co-adsorption mechanism revealed that the behaviour of CO2 is similar to the 

single gas component scenario (Figure 4), i.e. the CO2 molecules are mainly distributed in the 

vicinity of the PO∙∙∙H∙∙∙N sites, with mean distances between CCO2 and OPO∙∙∙H∙∙∙N for CO2/N2 

and CO2/CH4 systems of 2.69 and 2.72 Å, respectively (Figure 5). Both N2 and CH4 are 

distributed in the centre of the pore with characteristic host/guest distances exceeding 3.2 Å 

(N2 - PO∙∙∙H∙∙∙N : Fig. S23; CH4 - PO∙∙∙H∙∙∙N : Fig. S24).  

This clearly emphasizes that for both mixtures, the separations are mainly driven by a 

preferential CO2 adsorption around P-OH and NH groups combined with the high degree of 
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confinement of this solid due to its restricted pore size conjugated with a small pore volume, 

which favours the adsorption of molecules with smaller kinetic diameters. 

 

Figure 5. Snapshots obtained during GCMC simulated arrangements of CO2 and N2 molecules (left) and CO2 

and CH4 molecules  (right) from binary mixture simulations on MIL-91(Ti)_CO2. (CO2/N2 system at a molar 

composition of 0.05/0.95 and the CO2/CH4 system at a molar composition of 0.5/0.5, both in the gas phase at 

303 K). 

To investigate this MOF further, co-adsorption measurements were performed on several 

grams of the sample, prepared under reflux conditions. The results are given in Tables 1 and 

2. Each mixture point was repeated several times and an average separation value was 

obtained. The co-adsorption selectivity of ~90 was observed at 1 bar and 303 K for the case of 

CO2/N2 = 10/90, which then decreased to 60 at 1 bar and 303 K for the mixture CO2/N2 = 

15/85. For the co-adsorption of the equimolar mixture of CO2/CH4, MIL-91(Ti) shows a 

selectivity of around 18 at 1 bar and 303K. All of this experimental data concurs with the 

predicted data from GCMC simulations. 

 

Table 1 : CO2 / N2 experimental selectivities measured  at 303 K 

Total pressure % CO2 Measured selectivity Average measured selectivity 

1 bar 0,108 65 

86 0,099 89 

0,102 106 



  

12 

 

0,173 67 
60 

0,168 53 

3 bars 0,103 89 

73 0,117 61 

0,118 69 

0,176 60 

51 0,169 49 

0,168 45 

 

 

Table 2 : CO2 / CH4 experimental selectivities measured at 303 K 

Total pressure % CO2 Measured selectivity 

1 bar 50 18 

5 bars 50 15 

13 bars 50 13 

 

3.3. Adsorption performances of MIL-91(Ti) vs other MOFs 

The above discussion indicates how MIL-91(Ti) competes well with other porous materials as 

a CO2 adsorbent. Indeed, the relatively high adsorption enthalpies and selectivities suggest 

that this material could be of interest for the recovery of CO2 from N2 or CH4. A third factor 

to consider is the working capacity, i.e. the adsorption/desorption between an upper and lower 

working pressure as defined by a given pressure swing adsorption (PSA) process. Making a 

comparison between MOFs is not simple as most materials are still only available in powder 

form. Furthermore, one would wish to compare the uptakes per volume of material as this is 

what is required for process design. However, the real density of many MOFs is not always 

given. Thus, to make a comparison, the uptakes of available MOF powders were deduced and 

the individual crystallographic densities were obtained to calculate uptakes per unit volume. A 

comparison between MOF samples is provided in Table S4 for the two separations under 

investigation. For the CO2/N2 separation at 1 bar, MIL-91(Ti) has however a working capacity 
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which is not amongst the highest; being at around a third of that obtained with HKUST-1 for 

example (Table S4). One shall nevertheless bear in mind the poor water stability of the copper 

MOF ruling its use for the recovery of CO2 from flues. 

Noteworthy, for the recovery of CO2 from methane, considered at 30 bar, the working 

capacity of MIL-91(Ti) is amongst the highest of the MOFs considered.  

These varying results thus open the question of how to make a fair but global comparison 

between samples, which, inter alia, resulted in the development of the concept of the 

adsorption performance indicator (API) [36]. The API considers the volumetric working 

capacity, adsorption enthalpies and selectivities. Each parameter can be emphasised using 

power laws, defined by the process under consideration. For MIL-91(Ti) the measured 

selectivities were applied, but for other MOF species the calculated IAST values were 

considered. Note that in this reported exercise there was fairly good agreement between 

experimental and IAST calculated selectivities that make the comparison with the other 

MOFs consistent. The API values for the two separations, CO2/CH4 and CO2/N2, obtained for 

MIL-91(Ti) were compared with around 20 other MOFs (Figure 7) using data that we have 

measured in house under exactly the same conditions.  
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Figure 7. API values for CO2/CH4 (above) and CO2/N2 (below) for several MOFs. Both MIL-

91(Ti) and MIL-91(Al) are given in black. Data for an activated carbon (Takeda 5A) and a 

zeolite (13X) are also given for comparison. 

 

For CO2/CH4 separation, the zeolite 13X shows the highest API value, which is due to its very 

high selectivity. However, for the analysed MOFs (i.e. where data was obtainable), MIL-

91(Ti) is highly ranked, which again reflects the medium to high selectivity and relatively 

high working capacity. For CO2/N2 separation, MIL-91(Ti) is again deduced to be the most 

interesting material considered by our group thus far, which is also attributed to its relatively 

high measured selectivity. Nevertheless, one should temper this conclusion with the fact that 

other MOFs from other groups may also be of interest (for example, those in refs [21-23]).  

 

3.3. Kinetics of CO2 and N2 in MIL-91(Ti) 

Nevertheless, for such a small pore material with relatively large interactions, the question 

arises as to whether the adsorption could have some kinetic limitations. Therefore, the 

dynamics of CO2 and N2 were probed using QENS measurements (see SI for details). This 

approach has previously proven to be successful when applied to deduce the transport 

diffusivity (Dt) of two species (CO2 and N2) in a diverse range of MOFs. [37-41] It was found 
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that in the low loading range (0.7 N2 molecule/u.c. and 1.2 CO2 molecule/u.c.), the Dt values 

for CO2 and N2 are respectively, 8.5×10-10 m2/s at 300 K and 1.4 ×10-9 m2/s at 220 K. These 

values for MIL-91(Ti) are as high as those previously shown for UiO-66(Zr)-2CO2H [12] 

(CO2 : 1.0×10-10 m2/s and N2 : 4.0×10-9 m2/s) and also in the reference zeolite 13X for the 

same region of temperature (CO2 : 1.5×10-10 m2/s and N2 : 2×10-9 m2/s) measured at 230 K. 

[42-43] These values confirm that kinetics should not be a hindrance to the use of MIL-91(Ti) in 

physisorption-based processes. 

 

4. Conclusion 

In summary, the titanium form of MIL-91 is a promising candidate for CO2 recovery while its 

“green” reflux synthesis conditions pave the way for its upscale production. This hydrophilic 

metal bisphosphonate material seems to be one of the relatively few MOFs that are stable 

towards humidity. The nature of the small pores and the chemistry of this porous framework 

results in significant CO2 uptakes at low pressures, along with strong interactions towards this 

greenhouse gas. However the strength of this interaction and the small pore nature of this 

material does not hinder the transport kinetics of CO2 in the pore system as measured by 

QENS. Co-adsorption measurements confirmed the performances predicted from molecular 

simulations, with selectivities for CO2/CH4 and CO2/N2 above 18 and 90, respectively, at 1 

bar and 298 K. This makes MIL-91(Ti) attractive for the selective capture of CO2 from both 

CH4 and N2. Evaluation of the APIs for a wide range of MOFs at our disposition further 

suggests that MIL-91(Ti) compares well with respect to many other materials.  

Indeed this study shows that MIL-91(Ti) seems to tick boxes concerning up-scalable 

environmentally favourable synthesis, water stability, high CO2 selectivity and rapid kinetics 

promoting this MOF as one of the very few of real interest for CO2 capture. 
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5. Experimental Section 

The experimental and computational details can all be found in the supporting information 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. It 

contains the experimental details, details of the reflux synthesis and complementary results.  
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Finally a MOF for CO2 capture ? Whilst many Metal-Organic Frameworks show 

fascinating properties, few tick the boxes concerning upscalable green synthesis, water 

stability, high CO2 selectivity and rapid kinetics which are required for applications. MIL-

91(Ti), a small pore bis-phosphonate titanium-based MOF, not only fulfils these criteria but 

also compares very favourably with many other nanoporous materials for gas separations. 
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