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By combining experimental adsorption isotherms, microcalorimetric data, infrared 
spectroscopy and quantum chemical calculations the adsorption behaviour of the CPO-
27/MOF-74 series (Ni, Co, Mg, Cu, Zn) in the desulfurization of fuels is evaluated. The results 
show a clear influence of the metal ion on the adsorption capacity and affinity for S-
heterocyclic compounds, with CPO-27(Ni) being the best performing material both in capacity 
and affinity. The microcalorimetric data and infrared spectroscopy confirm the high affinity of 
CPO-27(Ni) for thiophene and similar compounds, while the computational data reveal that the 
origin for this outstanding adsorption performance is the strong sulfur-metal interaction. 
 

Introduction 

Metal-Organic Frameworks (MOFs) are a class of materials 
combining both organic and inorganic building blocks into a 
uniform framework.1 This leads to materials with large 
porosities, high specific surface areas, well defined pore 
geometries and accessible open metal sites; all these properties 
are important for adsorptive applications.2,3 In the field of 
adsorptive separations in both liquid and gas phase, MOFs have 
shown to be excellent materials.4–6 Hence they have been 
studied as designer adsorbents in the adsorptive desulfurization 
of fuels.7–9 Due to the more stringent regulations on S 
concentrations (< 10 ppm S), desulfurization of fuels remains 
an important field, especially because of the increasing 
sourness of fossil resources.10 Not only does the combustion of 
sulfur compounds lead to the emission of sulfur oxide gases and 
the formation of acid rain, automobiles are also adversely 
affected by presence of sulfur, as these compounds may have a 
deleterious effect on the efficiency of exhaust catalysts, such as 
Cu2+ or Fe3+ based DeNOx catalysts.11  
Presently, the removal of sulfur from fuels is accomplished 
with the hydrodesulfurization (HDS) technology. Using a solid 
CoMo catalyst the sulfur compounds are hydrogenated to H2S 
at high temperature and pressure.12 Not only is this process a 
very costly one; the efficient removal of bulky sulfur molecules 
like dibenzothiophene (DBT) and 4,6-
dimethyldibenzothiophene (DMDBT) is not possible.11,13 An 
attractive alternative would be the deep adsorptive 
desulfurisation with porous solids, like metal-organic 
frameworks.8 In one of the first studies published on adsorptive 
desulfurisation with MOFs, Matzger and co-workers evaluated 
different Cu-MOFs for the adsorption of several S-
heteroaromatics. MOF-505 was able to adsorb up to 3.9 wt % 

sulfur of DBT out of a iso-octane background and 3.3 wt% 
sulfur of DBT out of a iso-octane/toluene (85v:15v) mixture.7 
Also Cu3BTC2 has been proven to be an excellent adsorbent for 
organo-sulfur compounds in several studies.14,15,9 
In this paper we focus on the isostructural CPO-27 series16–18 
(Cu, Zn, Mg, Co, Ni) as a promising family of adsorbents for 
the deep desulfurisation of fuels, alongside Cu3BTC2 and 
zeolite NaY as reference materials. CPO-27, also known as 
MOF-74, belongs to the class of MOFs with coordinatively 
unsaturated (cus) open-metal sites.16 The honeycomb structure 
is composed of 2,5-dihydroxy-1,4-benzenedicarboxylate 
(DHBDC) organic linkers coordinated to X2+ divalent metal 
ions (where X2+ stands for Zn2+, Mg2+, Cu2+, Co2+ and 
Ni2+).16,19,20 The one-dimensional hexagonal channels are about 
12 Å in diameter. The impact of the metal cations on the 
adsorptive desulfurization is evaluated with a combination of 
adsorption isotherms, IR-spectroscopy, microcalorimetry and 
DFT calculations in order to obtain a full understanding of the 
interactions of S-heterocycles with the framework. 
 
Materials, models and methods 

Materials synthesis and characterization  

CPO-27(Ni), CPO-27(Co), CPO-27(Mg), CPO-27(Zn) and 
CPO-27(Cu) were synthesized according to literature 
procedures.21–24 The synthesis solvent was removed by washing 
the material seven times with methanol over a period of five 
days. Powder XRD patterns (Figure S1) were recorded on a 
STOE STADI P Combi instrument in Debye Scherrer geometry 
(Cu Kα1) using an IP position-sensitive detector (2θ=0–60°; 
∆2θ=0.03°).  
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Batch adsorption 

Liquid phase batch adsorption experiments were carried out at 
298 K in 1.8 ml glass vials filled with 0.025 g of adsorbent and 
a solution of heptane:toluene (80v:20v) contaminated with 
heteroaromatic sulphur compounds (0.005-0.5 M) following a 
literature procedure.25 Uptakes were directly calculated from 
gas chromatography (GC) output data. In a standard procedure, 
the materials were pretreated at 523 K in an oven overnight 
under vacuum (< 10-5 bar). Adsorption isotherms were 
constructed by plotting the uptake, in weight%, vs. the residual 
concentration in solution. The initial slopes of the isotherms 
were determined by fitting a straight line through the first data 
points including the origin with regression coefficients R² 
exceeding 0.96. The separation factor α between a preferred 
compound A (thiophene) and a lesser adsorbed compound B 
(toluene) is defined as α = (yA/yB) / (xA/xB), with y the mole 
fractions in the adsorbed phase and x the mole fractions in the 
solution, both at equilibrium. For the determination of the 
temperature dependency of the separation factor, α is 
determined in the temperature range of 298-343K starting from 
equimolar mixtures of thiophene and toluene (0.5 M). 

IR-spectroscopy 

The infrared spectra were recorded using either a Perkin Elmer 
Spectrum GX IR spectrometer system or a Bruker Equinox 55 
spectrometer (equipped with an MCT detector) with a spectral 
resolution of 2 cm-1. A self-supporting wafer was prepared and 
evacuated at 250°C. All samples were normalized to the same 
sample mass: 10 mg (wafer density 3.2 mg/cm2). For mass 
normalization the unperturbed lattice vibrations (bands at 1240, 
1120 and 490 cm-1) with maxima depending linearly on the 
sample mass were taken as the reference. IR adsorption 
measurements were repeated twice for each sample to ensure 
repeatability of the results and confirm homogeneity of the 
samples. Thiophene was adsorbed at room temperature from 
the vapor phase and the weakly physisorbed species were 
evacuated at room temperature, after which the spectrum was 
recorded. 

Microcalorimetry 

In each experiment, 0.025 g of sample was placed in a stainless 
steel ampule and activated under vacuum for 12 h at 523 K. 
After activation, 800 µL of a heptane:toluene (80:20) solution 
was added through a septum, and the ampule with the stirred 
suspension was loaded into the TAM III calorimeter (TA 
Instruments). An ampule with only the solvent was used as a 
reference. In the isothermal titration calorimetry (ITC), the 
liquid titrant (adsorbate) is added to the reaction ampule using a 
motor driven syringe pump via a fine cannula, and the heat flow 
is measured versus time until equilibrium is reached for each 
step. A total volume of 200 µL was added in steps of 10 µL. 
The integrated heats correspond to the adsorption and dilution 
phenomena (Qmeasured = Qadsorption + Qdilution). In order to subtract 
the heat exchange due to dilution, an experiment without the 
sample is performed using the same conditions. For each 
injection, the corresponding equilibrium concentration was 
determined from adsorption isotherms determined on samples 
activated in identical conditions. 

DFT calculations 

Calculations on CPO-27(X) were performed with a trigonal 
primitive UC containing 162 framework atoms (a = b = 25.9 Å, 

c = 6.8 Å, α = β = 90°, γ = 120°). Metal cations and DHBDC 
form helical chains along the c axis with the closest metal-metal 
distance r(X2-X3) = ~ 2.9 Å. Each X2+ centre is 
pentacoordinated to adjacent oxygen atoms from deprotonated 
hydroxyl or carboxylate groups of the organic linker to form a 
pseudo-square-pyramidal environment. The remaining sixth 
coordination site is accessible for an adsorbate molecule. Each 
of the three neighbouring metal cations (along the c-direction) 
points into one of the three adjacent channels. The distance 
between two adjacent cus sites accessible from the same 
channel is r(X1-X4) = ~ 6.8 Å and this distance represents the 
unit cell (UC) dimension along the c-direction.26 The periodic 
structures with and without adsorbate molecules were 
optimized with respect to all atomic positions but with fixed 
lattice parameters; a high-spin electronic configuration on each 
X2+ ion was considered (see supporting information). All 
calculations with periodic DFT models were performed using 
the vdw-DF2 exchange-correlation functional which accounts 
for dispersion interactions.27 The projector augmented wave 
approximation (PAW)28 and the plane wave basis set with a 
kinetic energy cutoff of 600 eV were used; a (1 × 1 × 2) Γ-
centered grid of k-points was used for Brillouin-zone sampling. 
Periodic calculations were performed with the VASP 5.2.12 
program. Calculations of lateral interactions were performed 
with a UC doubled along c and Γ point sampling. 
Lateral thiophene-thiophene interactions within the CPO-27(X) 
framework were evaluated (i) along the c-axis (Figure 
 S2a), and (ii) across the channel (Figure S2b). The lateral 
interactions of thiophenes organized in a stacked position along 
the c-axis were calculated as a difference in the interaction 
energy of one and two molecules adsorbed in a double UC. The 
average interaction energy per thiophene molecule at higher 
coverage is obtained as the arithmetic average for n adsorbate 
molecules within the UC.  
To verify the accuracy of the DFT calculations, a small cluster 
model representing the closest environment of the cus site in 
CPO-27(X) was used. The cluster model is denoted as F2W(X), 
where F2 stands for two formyl (HCOO-) groups which are 
bound through oxygen atoms to the metal X2+ ions (X2+ = Zn2+, 
Mg2+, Cu2+, Co2+ and Ni2+) and W stands for a water molecule 
located in the fifth coordination site. The F2W(X) model is 
constrained to C2v symmetry. The sixth coordination site 
remains accessible for an adsorbate. Thiophene interacting with 
the cluster model is denoted as F2W(X)-S. Cluster model 
geometries of F2W(X) and F2W(X)-S were optimized with a 
Perdew-Burke-Ernzerhof (PBE) exchange-correlation 
functional29 and VTZ basis set in the high-spin configuration 
(see SI). The reported interaction energies (Table S2) are 
corrected for a basis set superposition error using the 
counterpoise correction method.30 Accurate ab initio 
CCSD(T)/CBS calculations were performed at PBE/VTZ 
geometries. The complete basis set (CBS) extrapolation was 
evaluated based on the two-point Helgaker’s extrapolation 
scheme (E�

���� = E�	

���� + AX
�) with AVDZ/AVTZ basis sets.31 

The extrapolation expresses the dependence of a correlation 
part of energy (corr) on a cardinal number X (D and T for 
double- and triple-ζ basis set, respectively). The HF/AVTZ 
energy was taken as the CBS limit for the uncorrelated part of 
the energy. The interaction energies at CCSD(T)/CBS level 
were obtained as: E��
�(�)/�	
  = E��
�(�)/����

����   + E���/�	

����   - 

E���/����
����  + E��/���� 

All geometry optimizations of cluster models at DFT level were 
performed with G0932 and all other cluster model calculations 
with the Molpro2010.1 program suit.33 
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A faujasite-type zeolite NaY was represented by the reduced 
UC with a composition Si35Al13Na13O96 having Si/Al = 2.69/1 
and unit cell parameters α = β = γ = 60° and a = b = c = 17.37 
Å.34 The NaY zeolite contains extra-framework Na+ cations in 
sites I, I’, and II; only sites II located above the six-ring oxygen 
atoms inside the supercage are accessible for adsorption. All 
DFT calculations on periodic models of NaY were performed 
using the vdw-DF2 functional, the projector augmented wave 
approximation (PAW) and the plane wave basis set with a 
kinetic energy cutoff of 600 eV; Brillouin-zone sampling was 
restricted to the Γ-point.  
 
RESULTS 

Adsorption isotherms. In order to evaluate the sulfur uptake 
capacity of the CPO-27 adsorbents with different metals, 
adsorption isotherms of thiophene (TPH), benzothiophene 
(BT), dibenzothiophene (DBT) and 4,6-
dimethyldibenzothiophene (DMDBT) are recorded out of a 
simulated fuel (heptane:toluene, 80:20). These S-heterocycles 
are representative molecules for the S-compounds typically 
found in fuels.15,35 The different adsorption isotherms are 
presented in Figure 1.  

 

 

 

 

Figure 1. Adsorption isotherms of thiophene, benzothiophene, 
dibenzothiophene and 4,6-dimethyldibenzothiophene out of heptane:toluene 

(80:20). 

It is immediately clear from the isotherms that CPO-27(Ni) has 
the highest uptake for all the sulfur compounds, reaching more 
than 30 wt% uptake for TPH, 50 wt% for BT, 40 wt% for DBT 
and 24 wt% for DMDBT. For the latter, CPO-27(Ni) presents 
an S-shaped isotherm which is most likely due to the 
competition with toluene for adsorption sites, resulting in a 
displacement of toluene only at higher bulk concentrations of 
DMDBT. CPO-27(Co), CPO-27(Mg) and Cu3BTC2 have 
intermediate adsorption capacities, while CPO-27(Cu), CPO-
27(Zn) and the reference zeolite NaY have low capacities for 
all the S-compounds. Hence, even though the CPO-27 materials 
(Ni2+, Co2+, Mg2+, Cu2+, Zn2+) are isostructural, remarkable 
differences in uptake capacity are detected. This suggests that 
the nature of the open metal site plays a crucial role in the 
adsorption process, which has likewise been seen in the 
adsorption of other compound types for isostructural materials 
like MIL-100(Al3+, Cr3+, Fe3+, V3+)25 or M3BTC2 (M = Cu2+, 
Cr2+, Ni2+, Mo2+, Ru2+)36. The occupation of the open metal 
sites (cus) of the CPO-27 series at saturation is therefore 
calculated and presented in Table 1. 
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Table 1. Percentage of the cus occupied at saturation. 
 TPH BT DBT DMDBT 

CPO-27(Ni) 56 % 59 % 34 % 17 % 

CPO-27(Co) 34 % 45 % 17 % 6 % 

CPO-27(Mg) 24 % 27 % 11 % 2 % 

CPO-27(Cu) 10 % 27 % 11 % 6 % 

CPO-27(Zn) 12 % 9 % 10 % 1 % 

 

As expected, CPO-27(Ni) has the highest occupation of the 
metal sites at saturation for all the different heterocycles. For a 
particular metal, the occupation of cus at saturation increases 
when going from TPH to BT. This is likely due to the phenyl 
ring of BT, which allows additional dispersion interactions with 
the framework.37 The aromatic fraction in the fuel (simulated 
by admixture of toluene) will compete with the heterocycles for 
adsorption sites, as the phenyl ring can interact either with the 
metal cation or with the framework aromatic linkers.38 The 
higher S uptake of CPO-27(Ni) compared to the other 
materials, indicates that the S-heteroaromatics compete more 
successfully for the open Ni sites than toluene. For materials 
saturated with DBT and DMDBT a decrease in cus occupation 
is detected, due to steric hindrance at higher occupation of the 
cus sites. Recall that the distance between two accessible cus is 
only 6.8 Å37,26, while the kinetic diameter of DBT is estimated 
at ~9 Å. 

Additional information can be obtained from the shape of 
the isotherm, as a steep uptake at low concentration means a 
high affinity for these compounds, which is of high importance 
with respect to removal of low concentrations of S-
heteroaromatics.3 A steep uptake is especially observed for 
CPO-27(Ni) as seen in Figure 2. By fitting a straight line 
through the low concentration domain of the isotherms, the 
affinity of the framework for the S-heterocycles can be 
calculated as the slope of the fit (L mol-1).9,25 For TPH, the 
affinity of the different CPO-27s is presented in Figure 2 and 
the values for all S-compounds are presented in Table S1. 

 
Figure 2. Affinities of CPO-27(Ni, Co, Mg, Zn, Cu) for thiophene out of 

heptane:toluene (80:20). 

Similar as for the uptake capacities, CPO-27(Ni) has the highest 
affinity for all S-compounds tested (Table S1). CPO-27(Cu) 
and especially CPO-27(Zn) have very low affinities for most S-

compounds. An interesting observation is the increased affinity 
of CPO-27(Ni) for the larger S-heterocycles: TPH < BT < DBT 
(Table S1). It is possible that for the larger heterocycles, the 
increased electron density on the sulfur atom39 or the additional 
dispersion interactions enhance the initial affinity of the 
framework for the S-compounds. It should be noted that the 
lower affinity for DMDBT is most likely due to steric 
hindrance caused by the methyl groups in the 4,6-positions, 
making approach to and coordination on the cus more difficult. 
Overall, the very high affinity of CPO-27(Ni) allows strong 
reductions of the sulfur concentration, for instance from 130 
ppm S to less than 1 ppm S, in the case of DBT, using 2.5 g of 
adsorbent per liter. Such performance allows to meet the 
stringent requirements for S concentrations in fuels even in the 
presence of other aromatics. 

In order to understand the preference of CPO-27(Ni) for the 
S-heterocycles in the presence of aromatics like toluene, the 
temperature dependency of the separation factor for TPH or 
DBT over toluene is investigated. If a compound A is preferred 
over B only because the adsorption enthalpy of A is more 
negative than that of B, one would expect the separation factor 
to decrease with increasing temperature, according to Van ‘t 
Hoff’s law.40 The separation factor for the adsorption of 
thiophene/toluene from heptane on CPO-27(Ni) as a function of 
temperature is presented in Figure 3. The separation factor 
remains almost constant (α ≈ 18) in the temperature range of 
298-343 K, indicating that besides the enthalpies, entropy 
effects play a significant role when dealing with the 
coadsorption of thiophene and toluene. For DBT the separation 
factor even increases with temperature suggesting a strong 
influence of entropy. Considering the molecular size of DBT, 
the adsorption of DBT will most likely displace two toluene 
molecules, thereby increasing the overall entropy of the system 
significantly upon adsorption of DBT. 

 

Figure 3. Temperature dependence of the separation factor for the 
empirical equimolar (at 0.4 M) thiophene/toluene separation on 

CPO-27(Ni). 

The adsorption data clearly indicate that CPO-27(Ni) is a 
promising candidate for the deep removal of sulfur compounds 
from fuel feeds, by combining a high uptake capacity and 
strong affinity for all the tested compounds even in the presence 
of an aromatic background. Therefore, TPH is chosen as a 
model compound to further investigate the adsorption 
mechanism and the peculiar differences between the different 
metals in the CPO-27 series, by using a combination of 
microcalorimetry, IR-spectroscopy and DFT calculations. 

Microcalorimetry. In order to quantify the affinity of the CPO-
27 framework for thiophene, microcalorimetry was performed 
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for the materials with the highest uptake: CPO-27(Ni), CPO-
27(Co) and CPO-27(Mg). The integral adsorption enthalpies as 
a function of the equilibrium concentration are plotted in Figure 
S3. CPO-27(Ni) has the highest integral adsorption enthalpy 
reaching 21 kJ mol-1, followed by CPO-27(Co) with 7 kJ mol-1 
and CPO-27(Mg) with 2.5 kJ mol-1. These values may seem 
small, but recall that the value includes the differences in 
thiophene and toluene interaction energies and solvation 
energies in n-heptane. This observation confirms that the high 
affinity is directly related to the heat of adsorption, suggesting 
an enthalpic, coordinative interaction with the open metal site.25 

FTIR spectroscopy. The pretreatment of the material is of 
critical importance, especially to remove strongly coordinating 
species left after the synthesis and to generate open metal sites. 
It is well known from literature that the pretreatment of the 
CPO-27 series is not without difficulties;20 the materials were 
sufficiently washed with methanol and heated up to 250°C 
under vacuum (< 10-5 bar) to remove residual solvent molecules 
from the framework. The IR spectra confirm that the chosen 
conditions are sufficient to remove residual species from the 
pores, as no superfluous MeOH or DMF signals can be detected 
(Figure S4). The interaction strength of thiophene with the 
different CPO-27 frameworks was further analyzed with IR by 
monitoring the adsorption of thiophene at room temperature out 
of vapour phase (80 mbar) on a self-supporting wafer. By 
comparing the intensities of the out-of-plane C-H bending41 
between 730-680 cm-1 after evacuation (Figure S5), the 
interaction strength of the thiophene adsorption can at least 
qualitatively be assessed. Although the precise order of IR 
intensity for the different metals is not exactly the same as in 
the adsorption isotherms, the strong interaction of thiophene 
with CPO-27(Ni) is confirmed spectroscopically.  

DFT calculations. The reliability of DFT methods for the 
description of thiophene interaction with CPO-27(X) MOFs 
was tested using a small F2W(X) cluster model (Figure S2c). 
Interaction energies calculated at various levels of theory using 
the PBE-optimized geometry are summarized in Table S2. 
Following observations can be made with respect to the 
reference CCSD(T)/CBS level of theory: (i) the vdW-DF2 
functional gives interaction energies in excellent agreement 
with CCSD(T) except for the Ni2+ cluster (see below), (ii) the 
PBE functional understimates the interaction and B3LYP 
completely fails to describe the interaction, (iii) MP2/CBS 
interaction energies agree well with those obtained using 
CCSD(T)/CBS; a very strong dependence of the results on the 
basis set size is noted. The rather short bond length of 2.45 Ǻ 
between Ni2+ and S indicates a covalent character of the 
interaction (compare the sum of Van der Waals and covalent 
radii for Ni and S, 3.43 and 2.29 Å, respectively). The covalent 
interaction between Ni2+ and thiophene is overestimated with 
the vdW-DF2 functional while the PBE functional (failing for 
all other complexes) describes this interaction well. 

The interaction of thiophene with CPO-27(X) represented 
by periodic models is increasing in the order Zn2+ < Cu2+ < 
Mg2+ < Co2+ < Ni2+, ranging from -49 (Zn2+) to -61 (Ni2+) kJ 
mol-1 (Table 2). While the interaction with thiophene was 
considered for all adsorbents investigated herein, the interaction 
with DBT and toluene was considered only for a selected subset 
of adsorbents, which results in a sufficient qualitative 
understanding. The interaction energies calculated with 
periodic models are about 40 kJ mol-1 larger than those 
obtained with cluster models, indicating a dominant role of 

dispersion interactions. The contribution of dispersion 
interactions to the total interaction energy was estimated as the 
difference between the interaction energy calculated with vdW-
DF2 and PBE functionals and periodic models, corrected for the 
deficiency of the PBE functional obtained with cluster models 
(Table S2). These estimations result in 35 and 38 kJ mol-1 for 
CPO-27(Zn) and CPO-27(Mg), respectively. This allows to 
ascribe ~ 70% of the interactions between thiophene and CPO-
27 to dispersion interactions.  

The large role of dispersion interactions also influences the 
structure of the thiophene adsorption complexes. For the cluster 
models, the metal-S distances are in the range of 2.49-3.54 Ǻ, 
while the geometries obtained with the periodic model (Table 
S2) for various metal cations are relatively similar, ranging 
from 2.75 Å (Ni2+‒S) to 3.16 Ǻ (Zn2+‒S). The geometry of the 
thiophene adsorption complexes in CPO-27(Ni) is shown in 
Figures 4 and 5; in addition to the interaction with the cus site, 
thiophene also interacts with the aromatic rings of the organic 
linkers, forming a stacked complex. The dispersion interaction 
with the organic linker compensates well for a partial loss of 
electrostatic interaction between cus and thiophene because of 
the thiophene leaning towards the organic linker (angle α, Table 
3); distances between thiophene and linker atoms are as small 
as 3.6 – 3.8 Å. 

Table 2. Interaction energies of TPH, DBT and toluene with CPO-27(X) 
adsorbentsa calculated with periodic DFT for low coverage. 

 

 ∆Eint Geometry (TPH) 

System TPHb DBT Toluene r(XS)c αd 

CPO-27(Zn) -48.8   3.161 138.4 
CPO-27(Cu) -51.1   3.105 124.2 

CPO-27(Mg) -55.4 
-129.9 -71.0 

(-57)e 3.041 127.0 

CPO-27(Co) -55.9   2.925 128.5 

CPO-27(Ni) -60.5 -135.8 -70.3 
(-56) e 2.749 127.9 

a In kJ mol-1; vdw-DF2 functional, energy cut-off 600 eV. b Reported 
interaction energies after subtraction of lateral interactions. c X2+-S distance 
in Ǻ; Figure 5a.d α is the angle between the X2+-S bond and the plane of the 
thiophene aromatic ring; Figure 5b. e Interaction energy of toluene corrected 
for the differences in solvation energy in n-heptane (with respect to 
thiophene). 

 

Figure 4. Lateral interactions between thiophene molecules adsorbed in 
CPO-27. (a) Two molecules of thiophene bound on cus sites along the 

channel direction. (b) Three molecules of thiophene bound in one hexagonal 
channel in one unit cell.  
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Figure 5. The structure of thiophene adsorbed on the cus site of CPO-27(Ni) 
viewed along [010] and [001] directions (parts a and b, respectively). The 
structure of the toluene (c) and DBT (d) adsorption complexes in CPO-

27(Ni).  
 
Considering the high density of cus sites in CPO-27, the lateral 
interactions between adsorbed thiophenes were evaluated at the 
vdW-DF2 level. The closest r(S-S) distance between two 
thiophene molecules adsorbed on adjacent cus sites in the same 
channel along the c direction in CPO-27(Ni) is 6.837 Å (Figure 
4a). This leads to additional stabilization of adsorbed thiophene 
due to lateral interactions (5.8 kJ mol-1). Maximally three 
molecules can fit inside one channel of the UC at higher 
coverages (Figure 4b), making the maximum adsorption 
capacity for the primary adsorption sites around 50 % 
occupation of the cus. This agrees excellently with the 
empirically found value (56%, see Table 1) for the adsorbent 
with the highest uptake capacity at saturation, viz. CPO-27(Ni). 
The lateral interaction of -2.7 kJ mol-1 calculated for a pair of 
thiophene molecules in such arrangement corresponds to 
increased interaction energies at higher coverages. 

The adsorption of DBT and toluene on CPO-27(Mg) and CPO-
27(Ni) was also investigated in order to confirm the preferred 
adsorption of S-heterocyclic compounds from the 
toluene/heptane liquid phase (20:80) background. Toluene 
interaction energies for CPO-27(Mg) and CPO-27(Ni) are very 
similar, -70 kJ mol-1 and -71 kJ mol-1, respectively (Table 2). 
Therefore, the interaction of toluene with CPO-27 does not 
seem to depend strongly on the metal ion X2+. On the contrary, 
the interaction energies for DBT with CPO-27(Mg) and CPO-
27(Ni) are -130 kJ mol-1 and -136 kJ mol-1, respectively (Table 
2). Compared to the thiophene interactions (see above) DBT is 
bound significantly stronger to CPO-27 (by about 75 kJ mol-1) 
due to additional stabilization by dispersion interactions 
between the two aromatic rings of DBT and CPO-27 
framework atoms (Figure 5d). Interaction energies of DBT with 
CPO-27(Mg) and CPO-27(Ni) follow the same trend as 
reported above for thiophene. 
The experimental adsorption isotherms and microcalorimetry 
reflect the equilibrium that can be simply described as: 
(Toluene)ads + (Thiophene)solv ↔ (Thiophene)ads + (Toluene)solv; 
where subscripts ads and solv refer to the molecule adsorbed on 
the cationic site in the MOF and to the molecule solvated in a 
20:80 toluene/heptane mixture. Since no relevant solvation 

energies could be found in literature they were calculated using 
continuum solvation SMD model.42 The solvation of toluene in 
n-heptane was found 14 kJ mol-1 more favourable than 
solvation of thiophene. 
 

Discussion 

The trends obtained from theoretical and experimental 
observations are clear: CPO-27(Ni) is in all cases the best 
performing material, both regarding capacity and affinity at low 
concentrations. When comparing the sulfur uptake capacities 
(in wt% S) with those of reference materials (Table 3), a 
significantly higher adsorption capacity is obtained for the 
CPO-27(Ni). The adsorption capacity of MOF-505 for DBT 
(3.3 wt% S) and DMDBT (0.9 wt% S) previously reported by 
Matzger et al., is surpassed by CPO-27(Ni) reaching 6.9 and 
3.6 wt% S for DBT and DMDBT, respectively. The superior 
performance in comparison with the reference materials 
Cu3BTC2, NaY zeolite and other state-of-the-art adsorbents, 
like the Cu-exchanged Y zeolite, active carbon or the Ni-loaded 
SiO2-Al2O3, confirms the remarkable performance of the CPO-
27(Ni) material (Table 3). These results are in line with the 
previously obtained data on the adsorption of thiophene from n-
octane on CPO-27(Ni) by Peralta et al. Furthermore, our data 
confirm their previous findings on the stability of CPO-27(Ni), 
as an easy solvent regeneration with toluene results in a similar 
uptake capacity for thiophene in several consecutive adsorption 
cycles (Figure S6).  

Table 3. Overview of adsorption capacity for S-heterocycles for various 
microporous materials achieved under similar experimental conditions. 

 
Maximum uptake sulfur compounds 

(wt% S )  

 TPH BT DBT DMDBT REF 

Ni/SiO2-Al2O3 / / 0.22 0.13 43 

Activated 
Carbon / / 0.80 1.1 43 

CPO-27(Ni) 11.4 12 6.9 3.6 This work 

MOF-505 / / 3.3 0.9 7 

MIL-100(Fe) 1.5 1.4 1.2 / 9 

CuY 1.4 / / / 13 

Cu3BTC2 4.8 4.9 4.6 1.8 This work 

NaY 2.0 0.5 0.6 0.2 This work 

 

For the variously metallated CPO-27(X) materials, the 
interaction energies with the S-heterocycles, as obtained by 
calculation, quite precisely reflect the empirically observed 
order; this indicates that the differences between the metals can 
be rationalized based on the interaction energy between the S-
heterocycle and the metal cus. For the best material, CPO-
27(Ni), it is shown that the Ni-S interaction has a partially 
covalent nature; but besides the metal-S interaction, dispersive 
interactions are important as well. This lines up nicely with the 
large interaction energies calculated for dibenzothiophene 
(DBT), which is also empirically found to be more strongly 
adsorbed than thiophene. 

Page 6 of 8Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



PCCP ARTICLE 

This journal is © The Royal Society of Chemistry 2012 PCCP, 2015, 00, 1-3 | 7 

While qualitative agreement between experimental and 
theoretical results is obvious, quantitative agreement cannot be 
reached simply by comparing calculated interaction energies 
with experimental data. Indeed, the calculated interaction 
energies of toluene (-70 kJ mol-1) is larger than that of 
thiophene (-60 kJ mol-1 for Ni2+); however, accounting for the 
differences in solvation energies in n-heptane reverses this 
order (values in parentheses in Table 2). Improving the 
solvation model (considering the 80:20 heptane/toluene 
mixture) and accounting for the entropy contribution is 
expected to further shift relative energies in favour of 
heterocyclic compounds. Calculation also brings forward that 
even in comparison with an aromatic solvent molecule such as 
toluene, DBT is clearly preferred. Considering that the distance 
between two accessible cus is only 6.8 Å37,26, while the kinetic 
diameter of DBT is estimated at ~9 Å, the adsorption of DBT 
will displace two toluene molecules to the bulk solution and 
thereby increase the entropy of the system significantly.  

The temperature independency of the separation factor of 
equimolar mixtures suggests that additional effects play a role, 
besides an enthalpy driven sulfur-metal interaction. First, the 
lower solubility of thiophene compared to that of toluene in 
heptane can result in a larger driving force for thiophene to 
leave the apolar solvent. Secondly, adsorption of thiophene and 
toluene in the pores of CPO-27 may result in entropically 
different situations. When a polar compound like thiophene 
transfers from an apolar solvent to CPO-27 the entropy loss of 
the overall system (including the adsorbent) will be smaller 
compared to the entropy loss when an apolar molecule like 
toluene leaves the apolar solvent.44,45  
Conclusion 

By combining experimental adsorption isotherms, 
microcalorimetric data, IR spectroscopy and quantum chemical 
calculations a detailed insight into the adsorption preference 
and mechanism for sorption of S-heteroaromatics on CPO-27 
type materials is obtained. CPO-27(Ni) is one of the best S-
adsorbents found in literature; it outperforms the other CPO-27 
materials due to a better sulfur-metal interaction, even though 
more than 70 % of the interaction energy of the sulfur 
compounds with the framework originates from dispersive 
interactions. Furthermore, for S-heterocycles adsorption in 
CPO-27(Ni) entropy effects are important, especially when 
toluene, as a component of the solvent mixture, competes for 
adsorption sites. 
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