
Journal of Chromatography A 1694 (2023) 463922 

Contents lists available at ScienceDirect 

Journal of Chromatography A 

journal homepage: www.elsevier.com/locate/chroma 

A monolithic composite based on zeolite-like metal-organic 

framework@divinylbenzene polymer separates azeotropic fluorocarbon 

mixture efficiently 

Kareem Yusuf a , ∗, Osama Shekhah 

b , Ahmad Aqel a , Seetah Alharbi a , Ali S. Alghamdi a , 
Reem M. Aljohani a , Mohamed Eddaoudi b , Zeid A. ALOthman 

a 

a Department of Chemistry, College of Science, King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia 
b Functional Materials Design, Discovery and Development Research Group (FMD3), Advanced Membranes and Porous Materials Centre (AMPMC), Physical 

Sciences and Engineering Division, King Abdullah University of Science and Technology (KAUST), P.O. Box 6900, Jeddah 23955, Saudi Arabia 

a r t i c l e i n f o 

Article history: 

Received 5 January 2023 

Revised 4 March 2023 

Accepted 7 March 2023 

Available online 12 March 2023 

Keywords: 

Monolith 

Metal-organic frameworks 

Gas chromatography 

Fluorocarbon 

Global warming 

a b s t r a c t 

Organic monolithic columns are mainly used to separate macromolecules; however, many attempts to 

extend their performance toward small molecules were examined by incorporating micro- and nanopar- 

ticles. The incorporation technique enabled utilizing organic monoliths in gas chromatography (GC) for 

small molecules, which are still scarce. Here, we prepared a composite matrix of capillary monolithic 

columns of a zeolite-like metal-organic framework with a sodalite topology (sod-ZMOF) and Divinylben- 

zene polymer (DVB) for GC separations under 0.5 MPa. Relatively short DVB monolithic columns (18 cm 

long × 0.25 mm i.d.) incorporated with a tiny amount of sod-ZMOF nanoparticles (0.7 and 1.17 wt%) with 

an average particle size of 225 nm were successfully fabricated and used to separate linear alkanes and 

polar probes mixtures with increasing resolution up to 3.7 and 5.1 times, respectively, compared to a 

blank DVB monolithic column. A high-performance separation of linear alkanes series mixture (methane 

to decane) was exhibited in less than 2 min. McReynolds constants revealed that sod-ZMOF provided the 

composite monolith with a nonpolar character yielding a negative average polarity value smaller than the 

standard squalene column. An Excellent retention time of pentane and octane day-to-day reproducibility 

was achieved during 16 days and over more than 500 runs with RSD% of 2.25% and 3.3% using a compos- 

ite monolithic column with 5 mg mL −1 sod-ZMOF (5-ZMOF@DVB). In addition, a qualitative determina- 

tion of the gas mixture content of three commercially available Lighter gas cartridges was performed via 

the 5-ZMOF@DVB column. Finally, successfully separating an azeotropic freon mixture of difluoromethane 

(R-32) and pentafluoroethane (R-125) was achieved with a selectivity of up to 4.84. A further thermody- 

namic study related the preferential adsorption of R-125 to entropic factors rather than enthalpic while 

trapping inside ZMOF pores. This work sheds light on utilizing the infinite diversity of MOFs and combin- 

ing their properties with high permeability and easily fabricated organic monoliths for GC separations of 

light molecules and gasses. Furthermore, the study highlights the role of GC as an easy and fast approach 

for the preliminary evaluation of the separation efficiency of porous polymers. 

© 2023 Elsevier B.V. All rights reserved. 
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. Introduction 

Metal-organic frameworks (MOFs) are crystalline porous ma- 

erials with infinite structure diversity due to extreme structural 

omponent variability [ 1 , 2 ]. MOFs consist of an inorganic part (i.e.

etal ions or clusters) and organic ligand to form well-defined 

rystals that found their place in several applications, especially 

eparation applications, due to their high surface area, superior 
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tability, tunable chemical nature, designable porous structure, and 

igh thermal stability [3–7] . Therefore, there are many attempts 

o use MOFs as a stationary phase in GC in various forms such as 

acked columns, open-tubular columns [ 8 , 9 ], and incorporated into 

 monolithic matrix [10] . 

Monoliths are a single continuous sponge-like material with 

 bimodal porous structure [11] . Macropores (1.5–4 μm) guaran- 

ee high permeability of the mobile phase, and micropores (10–

0 nm) provide the matrix with a unique separation ability re- 

arding its chemical nature [12] . Monolithic columns are found 

n two primary forms, organic monoliths (polymer-based), which 

https://doi.org/10.1016/j.chroma.2023.463922
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chroma
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re more suitable for macromolecules separation such as proteins 

nd polysaccharides, and inorganic monoliths (silica-based), which 

re convenient for small molecules separation [13] . Easy fabrica- 

ion and diverse chemistries are the main advantages of organic 

ver inorganic monoliths, while the significant disadvantage is the 

imited applicability with small molecules. Therefore, incorporating 

arious micro- and nanoparticles, including MOFs, into monolithic 

rganic columns is a common practice to extend their separation 

fficiency towards small molecules [14] . MOF@monolith composite 

ould combine the properties of MOFs, for instance, high surface 

rea, designable structure and the probability of post-synthetic 

odification, and the high permeability of monoliths. 

While monolithic columns are widely used in LC, they are still 

carce in GC applications [ 8 , 9 ]. The reason behind the minimal

tudies of monoliths in GC is the need for a modified gas chro- 

atograph to afford the suitable high pressure (up to 10 MPa, 

hich is ten times higher than conventional GC pressure) to over- 

ome monolithic matrix back pressure [15] . Divinylbenzene co- 

olymerized with styrene was used two decades ago in the first 

ttempt to use monolithic columns in GC [16] , and since this pio- 

eering work, very few studies have examined the performance of 

onolithic columns in GC. Kurganov’s group has impressive work 

n GC monolithic column applications [15] ; however, the use of 

 modified high-pressure gas chromatograph in this work limit 

 wider adoptability of such a technique. Another interesting re- 

earch used DVB-based monoliths as a second-dimension column 

n a conventional GC [17] . Methacrylate-based monoliths are also 

tilized in GC [10] . Our research group had several endeavors to 

evelop different types of methacrylate monoliths for GC applica- 

ions, whether neat methacrylates [18] or incorporated with vari- 

us particles [19–22] . Fabricating a composite ZIF-8@methacrylate 

C monolithic column was the first and only attempt to incorpo- 

ate MOF microparticles into a monolithic matrix for conventional 

as chromatograph [19] , followed by an inverse gas chromatogra- 

hy study of the same stationary phase for a deeper understanding 

f its separation ability in terms of physicochemical properties of 

dsorption [20] . The addition of ZIF-8 into the methacrylate mono- 

ith increased the BET surface area up to 3.4 times and elevated ef- 

ciency 4–5 times compared to the blank methacrylate monolith. 

he low thermal stability of methacrylate monoliths (about 190 °C) 

nd poor dispersion of ZIF-8 microparticles were the major disad- 

antages of ZIF-8@methacrylate monolithic material. 

Zeolite-like MOFs (ZMOFs) are considered as a subclass of MOFs 

hat mimic the structural and, in some cases, functional features 

f traditional inorganic zeolites [23] . The interest in ZMOFs stems 

rom the remarkable industrial virtue of zeolites, especially in 

dsorption, ion exchange, and catalysis [24–26] . The design ap- 

roach to construct ZMOFs is simply based on replacing an oxy- 

en atom with an organic moiety with embedded angular connec- 

ivity equivalent to that of zeolites, which is referred to as “edge 

xpansion” [23] . The N-heterocyclic compounds like for example 

midazole, triazole, and tetrazole, meet the coordination direction- 

lity criterion of organic ligands for ZMOF formation synthesis and 

any successful examples have been reported for the synthesis 

f ZMOFs with 4- and 6- or 8- coordinated metals by Eddaoudi’s 

roup [23] . The N- atoms in the aromatic ring of the ligand pro-

ide binding directionality, while the O- from carboxylic acids lock 

he metals in place, resulting in geometrically rigid anionic MBBs. 

The Indium-based sod-ZMOF is used in a membrane form as 

 molecular sieve to separate various gas binary mixtures such as 

O 2 /CH 4 , CO 2 /O 2 , CO 2 /N 2 , and CO 2 /H 2 [27] . Remarkably, it showed

 selective permeability toward CO 2 in all cases due to its anionic 

haracter and relatively small and rigid pore aperture (4.1 Å). Fur- 

hermore, utilizing sod-ZMOF incorporated into a polyimide ma- 

rix as a mixed-matrix membrane even increased its permeability 

f CO 2 [ 28 , 29 ]. Monte Carlo simulations of the propane/propylene
2 
eparation performance of sod-ZMOF successfully confirmed the 

ffect of ZMOFs anionic framework in the selective adsorption 

fficiency in favor of the higher dipole moment propylene [30] . 

ecently, molecular sieving-based separation of butane/isobutene 

ixture was reported using a ZMOF-based membrane [31] . De- 

pite a few studies investigating the separation performance of 

ight hydrocarbons of different ZMOF topologies (rho-ZMOF and 

na-ZMOF) via breakthrough experiments [ 32 , 33 ], to the best of 

ur knowledge, sod-ZMOF was not examined for light hydrocar- 

ons separation. It is worth noting that chromatographic studies 

how the separation performance for a multicomponent mixture 

f the tested stationary phase utilizing microgram quantity, while 

reakthrough experiments need about 200 mg at least for a precise 

eparation behavior examination with a lot of technical difficulties 

or multicomponent mixtures [34] . 

In this work, sod-ZMOF nanoparticles were prepared and in- 

orporated into a highly permeable macroporous DVB mono- 

ithic matrix to enhance its separation ability toward gasses and 

mall nonpolar and polar molecules. The composite monolithic 

atrix was prepared in the form of short capillary columns 

18 cm × 250 μm i.d) with different percentages of sod-ZMOF. 

he fabricated columns were used to separate different mixtures 

f gasses, linear alkanes, aromatics, cycloalkanes, and polar probes 

nder a relatively low pressure (0.5 MPa) using a conventional 

as chromatograph. In addition, the prepared columns’ chromato- 

raphic performance, efficiency, and polarity were investigated to 

valuate the effect of sod-ZMOF incorporation. Finally, the pre- 

ared ZMOF@DVB composite monoliths were successfully utilized 

o separate an azeotropic fluorocarbon mixture of difluoromethane 

R-32) and pentafluoroethane (R-125), which is one of the major 

onsumed refrigerants for air-conditioners and heat pumps under 

he commercial code R-410A. 

. Experimental section 

.1. Chemicals and materials 

Indium (III) nitrate hydrate, 4,5-Imidazoledicarboxylaic acid 

4,5-ImDC), PVP30, dimethylformamide (DMF), imidazole, and di- 

inylbenzene (DVB) monomers were obtained from Sigma-Aldrich 

St. Louis, MO, USA). Fused silica capillaries (250 μm i.d.) were 

urchased from CM Scientific Ltd (Bradford, UK). Azobisisob- 

utyronitrile (AIBN) and 3-(trimethoxysilyl) propyl methacrylate 

TMSM) were purchased from Fluka (Buchs, Switzerland). High- 

urity grade (99.9999%) gasses (methane, ethane, propane, butane, 

elium, hydrogen, nitrogen, and air) were purchased from SIGAS 

Riyadh, Saudi Arabia). Linear alkanes (Pentane, hexane, heptane, 

ctane, nonane, and decane) in addition to cyclopentane, acetoni- 

rile (ACN), diethyl ether (DEE), tetrahydrofuran (THF), ethyl ac- 

tate (EA) 1-dodecanol, and methanol were obtained from Merck 

Darmstadt, Germany). Benzene, toluene, ethylbenzene, cyclohex- 

ne, acetone (AC), pyridine (PY), 1-butanol, 2-pentanone, and 1- 

itropropane were purchased from BDH (Lutterworth, UK). R-410A 

as purchased from Honeywell International Inc. (North Carolina, 

S). All chemicals were used without further purification. 

.2. Instrumentation 

PXRD patterns were performed on a D8 Advance X-ray 

iffractometer (Bruker, Germany) with a Cu K-alpha radiation 

 λ= 1.5406 Å). Argon adsorption-desorption isotherms were com- 

leted using 3-Flex Surface Characterization Analyzer with en- 

anced corrosion resistance (ECR) from Micromeritics. TA Instru- 

ents hi-res TGA Q500 thermogravimetric analyzer was used for 

hermogravimetric analysis (TGA) under a continuous N 2 flow and 

t a heating rate of 5 °C per minute. Low-pressure gas sorption 



K. Yusuf, O. Shekhah, A. Aqel et al. Journal of Chromatography A 1694 (2023) 463922 

Fig. 1. (A) Schematic for the synthesis of sod-ZMOF, (B) PXRD patterns of sod-ZMOF: simulated (black) and as-synthesized (red), (C) Thermogravimetric curve of sod-ZMOF, 

and (D), SEM images of sod-ZMOF. 
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easurements were performed on a fully automated Autosorb-IQ 

as sorption analyzer (Quantachrome Instruments). SEM images 

ere obtained with a Zeiss DSM 950 scanning electron microscope 

nd FEI, QUANTA 200 3D Scanning Electron Microscope with tung- 

ten filament as electron source operated at 10 kV. 

All chromatographic experiments were performed using a Shi- 

adzu 2025 Series conventional gas chromatograph. The system is 

quipped with a split/splitless injection unit (SPL), an oven with 

 temperature range from room temperature + 10 to 400 °C and 

4.5 °C s −1 heating rate, and a flame ionization detector (FID) with 

 1:10 (hydrogen: air) fuel mixture. The bulk temperature of the 

njector and detector was adjusted to 250 °C, and samples were 

ntroduced by manual injection. A dried high-purity helium was 

tilized as the carrier gas. 

.3. sod-ZMOF nanoparticles preparation 

15 mg of In(NO 3 ) 3. 2H 2 O dissolved in 1 ml of DMF, 15 mg of

,5-ImDC dissolved in acetonitrile, 0.2 ml of 1.47 M imidazole so- 

ution in DMF, and 0.5 ml of 0.01 M of PVP30 in DMF were mixed

n a 20 ml sonication vial. The mixture was heated under 85 °C 

ith stirring for 24 h. The product was washed extensively with 

MF 3 times, and then it was solvent exchanged with methanol 

very 12 h for 2 days ( Fig. 1 A). 

.4. Monolithic columns preparation 

The preparation procedure of monolithic columns was chosen 

o provide the monolithic structure with relatively large pores and 

igh permeability, and thus can work under low gas pressure, ac- 

ording to a previously described method [35] . Briefly, the mono- 

iths are covalently immobilized to the inner walls of the empty 

apillary. Therefore, before polymerization, a surface pretreatment 

f the fused silica capillaries’ inner wall was performed. A 5 m long 
b

3 
mpty tubing (250 μm i.d) was rinsed with 1.0 mol L −1 NaOH so- 

ution for 30 min and then washed with distilled water for an- 

ther 30 min. The previous step was repeated by replacing sodium 

ydroxide with 0.2 mol L −1 HCl and washing with acetone for 

 min after water, then drying under a nitrogen stream for 2 h. 

he column was then filled with 40 wt.% 3-(trimethoxysilyl) propyl 

ethacrylate (TMSM) solution in acetone and stood for 2 h, then 

ashed with acetone and dried again for 2 h with nitrogen. All 

ushing steps were performed at a flow rate of 20 μL min 

−1 using 

 syringe pump. The polymerization mixture consisted of a single 

onomer of DVB (42.3 wt%) and 57.7 wt% of a binary porogenic 

ixture (52.3 wt% 1-dodecanol and 5.4 wt% toluene), in addition 

o 1 wt% AIBN with respect to the monomer as an initiator. 

Next, the polymerization mixture was sonicated for 10 min and 

urged with helium for 10 min. Afterward, each column was ad- 

usted to 30 cm total length with 18 cm filled with polymerization 

ixture, which is localized in the middle of the tubing by hang- 

ng the column in a U-shape to avoid the continuous exposure of 

onoliths to inlet and outlet constant temperature of 250 °C at 

oth ends of the column. Finally, thermal polymerization was car- 

ied out inside the GC oven under 73 °C for 30 min after filling the

retreated capillary tubing with polymerization mixture and seal- 

ng it with GC septa. The remaining mixture in the vial was also 

olymerized under the same conditions as a bulk sample for fur- 

her characterization. 

Three column batches were prepared to study the effect of in- 

orporating sod -ZMOF nanoparticles into the monolithic matrix, 

eat-DVB (without any sod -ZMOF), 3-ZMOF@DVB (3 mg mL −1 sod - 

MOF), and 5-ZMOF@DVB (5 mg mL −1 sod -ZMOF) account for 0, 

.7, and 12.8 μg of sod -ZMOF, respectively, regarding a total weight 

f 1.1 mg composite in each column. After polymerization, columns 

ere flushed overnight with methanol using HPLC to remove the 

nreacted materials and porogenic solvents. Simultaneously, the 

ulk samples were washed with methanol overnight using Soxh- 
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et extraction and dried in a vacuum oven at 60 °C for 2 h before

eing used for characterization. Before use, the monolithic columns 

ere conditioned using GC at a constant temperature of 40 °C and 

ncreasing pressure gradually with a rate of 0.01 MPa min 

−1 up to 

 MPa. Then, further conditioning was carried out under constant 

ressure of 0.5 MPa and a temperature program starting with 40 

C for 10 min, then ramp to 250 °C at a ramp rate of 3 °C min 

−1 ,

nd finally, 250 °C for 30 min. The temperature program was re- 

eated two times. 

.5. Chromatographic conditions and calculations 

18 cm composite stationary phases were configured in the 

iddle of 30 cm capillary tubing before polymerization to en- 

ure isothermal conditions throughout the monolithic bed. This 

etup has the additional advantage of allowing the use of very 

hort columns. Flow rates ( F a ) were measured using a soap bub- 

le method via a calibrated 100 μL glass pipette. Methane gas as 

nretained material was utilized to determine the dead time ( t 0 ) 

nder working conditions. The separation performance of the pre- 

ared ZMOF@DVB monolithic columns was evaluated through the 

eparation of various mixtures of linear alkane gasses (methane, 

thane, propane, and butane) and liquids (pentane, hexane, hep- 

ane, octane, nonane, and decane), cycloalkanes (cyclopentane, and 

yclohexane), aromatics (benzene, toluene, and ethyl benzene), and 

olar probes (acetonitrile (ACN), acetone (AC), diethylether (DEE), 

etrahydrofuran (THF), ethyl acetate (EA), and pyridine (PY)). All 

hromatographic experiments were injected in triplicate via a 5 μL 

yringe manual injection, while a gas-tight syringe was used for 

as samples. 

Permeability ( K 

o ) of the monolithic columns was calculated us- 

ng the modified Darcy’s equation [8] : 

 

◦ = 

uηL 

�P j ′ (1) 

Where u and η are the carrier gas (helium) velocity and viscos- 

ty, respectively, L is the column length, �P = P i - P o (as P i is the

olumn inlet pressure and P o is the column outlet pressure of the 

arrier gas), and j’ is the Halasz compressibility correlation factor 

j’ = 3(P 2 −1) ( P + 1)/4(P 3 −1)), where P equals P i /P o . 

Hagen–Poiseuille equation was utilized to determine the aver- 

ge diameter of the monolithic channels (R) [36] : 

 = 

�P R 

2 

8 ηL 
(2) 

The selectivity ( α) was determined as the ratio of the reduced 

etention times. 

= 

t R 2 − t o 

t R 1 − t o 
(3) 

While resolution ( R S ) was calculated using the average width of 

eaks at half height (w 0.5 ) according to the following equation: 

 S = 1 . 18 

t R 2 − t R 1 
w (0 . 5)1 + w (0 . 5)2 

(4) 

McReynolds constants were calculated under a working temper- 

ture of 100 °C for the neat-DVB columns. In contrast, for the com- 

osite columns, the working temperature was 180 °C to avoid mis- 

alculations due to asymmetrical peaks that appear at a lower tem- 

erature for composites and to avoid peaks overlapping at higher 

emperatures for the neat-polymer columns. 

.6. Thermodynamic calculations 

The retention volume ( V N ) was the primary figure to calcu- 

ate all thermodynamic parameters [37] : 

 N = ( t R − t 0 ) F a 
T 

j (5) 

T a 

4

Where T is the working temperature, T a is the ambient tem- 

erature, and j represents the gas compressibility factor of James- 

artin and determined from the following equation [38] : 

j = 

3 

(
P 2 − 1 

)
2 

(
P 3 − 1 

) (6) 

Henry constant ( K ́ ) as the analog of the linear isotherm’s slope 

as calculated as follows [ 39 , 40 ]. 

 = 

V N 

R T 
(7) 

The enthalpy change of adsorption ( �H A ) represented the 

dsorbate-adsorbent degree of interaction at zero surface coverage. 

t was estimated by plotting the logarithm of V N obtained from 

sothermal GC measurements vs. the inverse of absolute temper- 

ture [39] . 

H A = −R 

d ln V N 

d ( 1 /T ) 
(8) 

The Gibbs free energy change of adsorption ( �G A ) is also calcu- 

ated from the retention volume via Eq. (9) [37] : 

G A = − RT ln 

(
V N P o 

m S π0 

)
(9) 

Where m is the mass of the stationary phase, π0 is the refer- 

nce two-dimensional surface pressure, S is the adsorbent’s spe- 

ific surface area, and P ° is the vapor pressure of the adsorbate 

olecules, which was determined from Antoine’s equation: 

og ( P ◦) = A −
(

B 

t + c 

)
(10) 

Where t is the temperature in degrees Celsius, and A, B , and C 

epresent the Antoine coefficients. 

Entropy change of adsorption ( �S A ) is then calculated from 

G A and �H A using the following equation [39] : 

S A = 

�H A − �G A 

T 
(11) 

. Results and discussion 

.1. Characterization of sod-ZMOF and ZMOF@DVB monolithic 

olumns 

The phase purity of the synthesized sod-ZMOF was confirmed 

y PXRD characterization. Furthermore, the pattern comparison of 

s-synthesized sod-ZMOF with the calculated sod-ZMOF pattern 

 Fig. 1 B) is in perfect agreement. Thermal stability is a critical is- 

ue when it comes to GC applications. TGA results show excellent 

hermal stability for sod-ZMOF up to 250 °C ( Fig. 1 C). The SEM

mages of the prepared sod-ZMOF showed the synthesis of homo- 

eneous nanoparticles with a size of about 200 nm with no aggre- 

ates ( Fig. 1 D). 

The single gas equilibrium adsorption isotherm for CO 2 was also 

easured at 25 °C, which exhibited a typical type 1 isotherm. No 

ignificant difference was observed in gas uptake or enthalpy of 

dsorption for CO 2, compared for pristine material compared to 

reviously reported materials (Fig. S2) [23] . Incorporating a tiny 

mount of sod-ZMOF into a 3-ZMOF@DVB monolithic composite 

0.7 wt%) led to a significant increase of the BET surface area of 

he neat DVB monolith from 99.24 g m 

−2 to 116.75 g m 

−2 , and the

urface area almost doubled (183.61 g m 

−2 ) when adding 1.17 wt% 

f sod-ZMOF in the 5-ZMOF@DVB monolithic composite. 

SEM results of the neat-DVB monolith showed well-developed 

pherical microglobules with a diameter range of 1–2 μm clus- 

ered around relatively large macropores with an average diame- 
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Fig. 2. Characterization of monolithic columns. (A, B) SEM images of neat-DVB monolithic composite. (C, D, and E) SEM images of 5-ZMOF@DVB monolithic composite. (F) 

Energy dispersive X-ray spectroscopy (EDS) element mapping image of 5-ZMOF@DVB monolithic composite shown in E. 
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Table 1 

McReynolds constants for �I neat-DVB, 3-ZMOF@DVB, and 5-ZMOF@DVB 

compared to values for similar materials reported in the literature. 

Stationary phase X’ Y’ Z’ U’ S’ Average 

�I Squalane 0 0 0 0 0 0 

�I neat-DVB −30.8 22.2 76.6 43.0 −32.3 15.7 

�I 3-ZMOF@DVB −35.1 7.1 27.7 14.9 −34.4 −4.0 

�I 5-ZMOF@DVB −44.3 −5.0 19.5 7.1 −42.7 −13.1 

�I HP-5MS 31.0 68.0 62.0 95.0 63.0 64.0 

�I SWNT −63.0 100 125 — 176 —

Measured at 100 °C for neat-DVB and 180 °C for ZMOF@DVB monoliths. X’, Y’, 

Z’, U’, and S’ represent benzene,1-butanol, 2-pentanone, 1-nitropropane, and 

pyridine, respectively. Average related to the total polarity of the material. 
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er of 5–10 μm ( Fig. 2 A and B). In contrast, the monolith’s mi-

roglobuler structure was deformed by the effect of adding sod- 

MOF nanoparticles to form smaller clusters ( Fig. 2 C and D). The 

mpact of sod-ZMOF on the monolithic structure and the higher 

ercentage of micropores brought by the porous nanoparticles 

as led to a decreasing average pore size with increasing sod- 

MOF percentage. As a result, the average pore size reduced from 

.99 μm in the neat-DVB monolith to 6.28 and 5.58 μm in 3- 

MOF@DVB and 5-ZMOF@DVB monolithic composite, respectively. 

imilarly, the permeability calculations according to the modified 

arcy Law ( Eq. (1) ) of the studied monoliths decreased in 3- 

MOF@DVB monolithic composite to about two-thirds its value 

6.44 × 10 −12 m 

2 ) and in 5-ZMOF@DVB monolithic composite to 

bout half its value (5.09 × 10 −12 m 

2 ) compared with the neat 

onolith permeability (10.40 × 10 −12 m 

2 ). 

The nano-size homogenous structure of sod-ZMOF has led 

o a uniform distribution of the composite polymerization mix- 

ure. Furthermore, energy Dispersive x-ray Spectroscopy (EDS) ele- 

ent mapping image confirmed the homogeneity of the compos- 

te monolith by detecting the distribution of indium atoms within 

MOF structure in 5-ZMOF@DVB monolithic composite after poly- 

erization ( Figs. 2 E, F, S3, and S4). 

.2. Polarity study 

McReynolds constants approach is the most proper technique 

o evaluate the polarity nature of stationary phases using a num- 

er of probes, as each probe represents a specific type of in- 

eraction [ 41 , 42 ]. Pyridine, 1-butanol, benzene, 2-pentanone, and 

-nitropropane were used to determine McReynold constants for 

eat-DVB monolith compared to the composite monolithic mate- 

ials. Consistent with previous studies on DVB as a polymer and 

n its monolithic form [43] , neat-DVB monolith showed a non- 

olar nature, which is even lower than the commercial stationary 

hase HP-5MS and single-wall carbon nanotubes (SWNT) ( Table 1 ) 

 44 , 45 ]. Surprisingly, sod-ZMOF provided the composite monolith 

ith a more nonpolar character yielding a negative average polar- 

ty value smaller than the standard squalene column. Despite the 
5

mall amount of sod-ZMOF within the composite matrix (0.7 wt.% 

n 3-ZMOF@DVBm and 1.17 wt.% in 5-ZMOF@DVB), it has a sig- 

ificant effect on polarity, and as the nanoparticles percentage in- 

reases as the polarity significantly decrease. 

.3. Improved chromatographic separation of small molecules 

The chromatographic performance range of the monolithic 

omposite was examined by the separation of aliphatic, aromatic, 

yclic, acidic, and basic compounds, and light hydrocarbon gasses. 

 baseline separation of linear alkanes mixture (pentane, hexane, 

eptane, and octane) was obtained at 150 °C and 0.5 MPa column 

ressure, using 3-ZMOF@DVB and 5-ZMOF@DVB composite mono- 

iths with increasing performance and higher retention as ZMOF 

ontent increased, reflecting an elevated hydrophobic nature of the 

omposite material ( Fig. 3 A). In contrast, the neat DVB monolith 

ould not completely separate the linear alkanes mixture under 

imilar conditions. Decreasing retention time as column temper- 

ture increases for both the polymer monolith and the composite 

onolith indicates an exothermic separation process (Fig. S5). The 

inear relations in the Van’t Hoff plots (R 

2 : 0.970 – 0.999) indicated 

hat there was no change in the mechanism of interaction over the 

easured temperature range for the three monoliths (Fig. S6) 



K. Yusuf, O. Shekhah, A. Aqel et al. Journal of Chromatography A 1694 (2023) 463922 

Fig. 3. Gas chromatograms of neat-DVB, 3-ZMOF@DVB, and 5-ZMOF@DVB mono- 

lithic columns (18 cm long × 0.25 mm inner diameter) separations under constant 

helium pressure of 0.5 MPa. (A) pentane (C5), hexane (C6), heptane (C7), and oc- 

tane (C8) at 150 °C; (B) benzene (Ben), toluene (Tol), and ethyl benzene (Et-Ben) at 

200 °C; (C) cyclopentane (Cyclo-C5) and cyclohexane (Cyclo-C5) at 150 °C. Injection 

volume 1μL headspace vapor. 

Table 2 

Resolution and separation factor of three pairs of linear alkane separation 

(Pentane/Hexane, Hexane/Heptane, and Heptane/Octane) using neat-DVB, 3- 

ZMOF@DVB, and 5-ZMOF@DVB monolithic columns (18 cm long × 0.25 mm inner 

diameter) at 120 °C and 0.5 MPa. 

Resolution Pentane/Hexane Hexane/Heptane Heptane/Octane 

neat-DVB 0.79 0.97 1.10 

3-ZMOF@DVB 1.35 1.77 1.98 

5-ZMOF@DVB 2.94 3.39 3.53 

Separation Factor 

neat-DVB 2.91 2.96 3.04 

3-ZMOF@DVB 2.72 2.97 3.36 

5-ZMOF@DVB 3.14 3.12 3.13 
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A dramatic increase in resolution was observed between linear 

lkane pairs when utilizing the composite monolithic materials for 

eparation ( Table 2 ). However, the degree of resolution enhance- 

ent decreased as the aliphatic chain length increased, indicat- 

ng better separation performance improvement toward lighter hy- 

rocarbons (3.7, 3.5, and 3.2 times resolution enhancement from 

eat-DVB to 5-ZMOF@DVB for pentane/hexane, hexane/heptane 

nd heptane/octane, respectively). 

Strong retention and higher resolution were associated with in- 

orporating ZMOF nanoparticles into DVB monolithic matrix for a 

ixture of benzene, toluene, and ethylbenzene ( Fig. 3 B), reveal- 

ng the effect of π−π van der Waals interactions in the separa- 

ion of aromatics. The neat-DVB control column could not sep- 

rate a cyclopentane/cyclohexane mixture at 150 °C. In compari- 

on, the composite monolithic stationary phases separated the cy- 

loalkanes mixture at the same temperature ( Fig. 3 C). An excel- 

ent fast high-resolution separation for six members linear alkanes 

ixture (pentane, hexane, heptane, octane, nonane, and decane) 

as obtained within 1.8 min using a temperature program on 5- 

MOF@DVB ( Fig. 4 A). As a proof of concept, a mixture of light 

lkane gasses was completely separated ( Fig. 4 B) using the same 

emperature program and the same column. ZMOF nanoparticles 

rought a new dimension of separation to the monolithic matrix 

hrough their sub-nano size pore opening. 

Fig. 4 C shows a perfect separation for a mixture of polar probes 

nder isothermal conditions of 100 °C. However, the elution or- 

er of polar probes didn’t obey the expected elution order ac- 

ording to boiling points; instead, the polarity of separated ana- 

ytes significantly affected their retention behavior in agreement 

ith the McReynolds constants study (Table S1). For example, the 

ighest polarity probe, acetonitrile, was the first to elute from the 

-ZMOF@DVB column, followed by other polar probes as polarity 

ecreases except for two exceptions; diethyl ether and pyridine. 

he low boiling point of diethyl ether (34.5 °C) affected its elu- 

ion order which is supposed to be the last analyte to elute, as it 

s the lower polarity probe (dipole moment = 13). On the contrary, 

he relatively high boiling point has forced pyridine to become the 

atest eluted probe despite its higher dipole moment than diethyl 

ther, tetrahydrofuran, and ethyl acetate (Table S1). It is worth not- 

ng that the elution order of a similar mixture of polar compounds 

sing the neat-DVB column had the same elution order with eight 

imes lower total retention time but with 2.3 −5.1 lower resolu- 

ion and almost no separation of diethyl ether and tetrahydrofuran 

Table S1). Asymmetric peaks were noticed for some of the tested 

robes, which may be attributed to the present of silanol residues 

ithin the dead volume of the fused silica tubing and relatively 

ow pressure. Furthermore, the large particle size and pore volume 

ould contribute to poor interactions and hence a higher degree 

f peak tailing. Therefore, increasing the percentage of ZMOF in 5- 

MOF@DVB led to lower peak tailing as a result of increased sur- 

ace area by reducing microglobules and pore volume ( Fig. 3 ). The 
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Fig. 4. Gas chromatograms of 5-ZMOF@DVB monolithic column (18 cm long × 0.25 mm inner diameter) separations under constant helium pressure of 0.5 MPa. (A) pentane 

(C5), hexane (C6), heptane (C7), octane (C8), nonane (C9), and decane (C10); (B) methane (C1), ethane (C2), propane (C3) and butane (C4); temperature program for both A 

and B: started with 40 °C, followed by heating to 120 °C at 100 °C min −1 , then heating to 300 °C at 200 °C min −1 ; (C) acetonitrile (ACN), acetone (AC), diethylether (DEE), 

tetrahydrofuran (THF), ethyl acetate (EA), and pyridine (PY) at100 °C isothermal conditions. Injection volume 1μL headspace vapor. 
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Fig. 5. The Van Deemter plots relating the height equivalent of theoretical plates 

(HETP) and the carrier gas (helium) flow rate for neat-DVB, 3-ZMOF@DVB, and 5- 

ZMOF@DVB monolithic columns (18 cm long × 0.25 mm inner diameter) for hexane 

over a pressure ranging from 0.02 to 0.6 MPa and isothermal conditions under 200 

°C. 
ailing of the produced peaks could also be reduced using a tem- 

erature program instead of isothermal conditions (Fig. S7). 

.4. Column efficiency 

Van Deemter curve comparison between the neat-DVB mono- 

ith and the composite monoliths showed a remarkable improve- 

ent in column efficiency in terms of the height equivalent of 

heoretical plates (HETP) ( Fig. 5 ). The HETP for hexane separation 

sing 5-ZMOF@DVB composite column was calculated and plot- 

ed against the change in flow rate in the range 0.032–2.78 mL 

in 

−1 . The flow rates were measured using a bubble flowmeter 

ver a constant pressure ranging from 0.02 to 0.6 MPa and isother- 

al conditions under 200 °C. As a result, an optimum plate height 

f 1.75 mm (571 plates m 

−1 ) and 1.21 mm (823 plates m 

−1 ) was

etermined for 3-ZMOF@DVB and 5-ZMOF@DVB, respectively. In 

omparison, a significantly higher HETP of 5.82 mm (189 plates 

 

−1 ) was measured for the neat-DVB column. Generally, the col- 

mn efficiency increased with increasing ZMOF percentage within 

he monolithic composite at similar conditions. 
7 
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Fig. 6. (A) Repeatability (run-to-run) over 10 runs, and (B) Reproducibility (day-to- 

day) over 16 days and 500 runs, for a mixture of linear alkanes (pentane, hexane, 

heptane, and octane) using 5-ZMOF@DVB column (18 cm long × 0.25 mm inner 

diameter) under 190 °C and 0.5 MPa. 
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One of the most advantageous characteristics of a monolithic 

olumn over packed or open tubular columns is its low inter- 

ace mass transfer with an increasing flow rate leading to a flat 

an Deemter curve and stable HETP even with increasing flow 

ate [46] . Exceptionally, the neat-DVB didn’t perform as a typical 

onolithic column and showed a declining efficiency after the op- 

imum flow rate ( Fig. 5 ). This is mainly because the preparation 

onditions for the neat-DVB column were chosen carefully to form 

 highly permeable monolith with a predominant macroporous 

tructure. Additionally, the absence of a monofunctional monomer 

ithin the prepared monolithic structure was found to signifi- 

antly affect the steepness of the right branch of the Van Deemter 

urve; as the monofunctional monomer percentage increases, the 

an Deemter curve becomes steeper [20] . However, incorporating 

od-ZMOF nanoparticles into the monolithic network restored its 

an Deemter reduced C term, allowing faster separations with the 

ame high efficiency ( Fig. 5 ). 

.5. Column repeatability and reproducibility 

Excellent repeatability was determined for the 5-ZMOF@DVB 

olumn for four-membered alkane series separation (pentane to 

ctane) under 190 °C and 0.5 MPa ( Fig. 6 A). The relative standard

eviation (RSD%) calculations of pentane and octane for ten repli- 

ates were 0.65% and 1.03% for retention time, 1.08% and 1.10% 

or retention factor, and 5.18% and 4.64% for peak width at half 
8 
eight, respectively (Table S2). The column retains its efficiency 

ver ten replicates with 11.39% and 8.25% HETP RSD% for pen- 

ane and octane, respectively. 5-ZMOF@DVB also shows good re- 

roducibility through ten days and over more than 500 runs with 

SD% of pentane and octane in the range 2.25–3.3, 3.53–3.75, 

.27–5.36 and 9.19–11.39 for retention time, retention factor, width 

t half height and HETP, respectively ( Fig. 6 B). In addition, inter- 

atch reproducibility exhibited excellent reproducibility for three 

-ZMOF@DVB similar columns, as demonstrated in Table S2, con- 

rming a repeatable synthetic strategy and usability as analyti- 

al chromatography stationary phase. The outstanding repeatability 

nd reproducibility of ZMOF@DVB monolithic material could be at- 

ributed to its high thermal stability, as verified by the TGA study, 

nd to the stable crystalline structure of sod-ZMOF, as demon- 

trated with PXRD measurements. 

Propane gas was utilized as a test probe under 100 °C isother- 

al conditions and 0.5 MPa to examine loading capacity of the de- 

eloped stationary phases under routine use and its applicability to 

uantitative analysis. A linear consistency was noticed in retention, 

nitial and final time of propane peak, as well as its 1st moment, 

ith increasing injection volume up to 100 μL ( Fig. 7 A). Further- 

ore, a linear dependence of peak area with injection volume was 

onfirmed up to 20 μL with a linear correlation coefficient of 0.996 

 Fig. 7 B) (Table S3). 

.6. Qualitative analysis of commercial butane sample 

Three commercial Lighter gas cartridges were analyzed, one 

rom a local producer and two imported cartridges, to identify 

heir gas content via comparison with the retention time of pure 

asses injected under the same conditions. Gas cartridges usu- 

lly contain a mixture of 70–80% butane and 20–30% propane. 

he addition of propane aims to increase the pressure of the car- 

ridge to keep the mixture in a gaseous state, especially in sub- 

ero cold weather, which is not the usual local climate. Fig. 8 re- 

eals five components in the gas mixture from the first cartridge 

rovided by a local manufacturer (local sample). Complete sepa- 

ation of the local sample was performed using the 5-ZMOF@DVB 

omposite monolithic column under an isothermal condition of 60 

C and a constant pressure of 0.3 MPa with a resolution ranging 

rom 0.83 to 3.13 (Table S4). Surprisingly, the gas mixture con- 

ent of butane was found to consist of both isobutane and butane 

ith a relative peak area percentage of 28.75% and 38.31%, respec- 

ively, corresponding to a total percentage of 66.96%, which is close 

nough to the butane content prescribed in the mixture. The ex- 

mined column could differentiate between butane and isobutene 

ith an acceptable resolution (0.83) and a selectivity of 1.48. Bu- 

ane/isobutane selectivity was probably due to the molecular siev- 

ng effect recently revealed using a ZMOF-based membrane [31] . 

 percentage of 32.45% of propane was determined in the local 

ample, which is also close to the prescribed content of propane. 

dditionally, trace amounts of methane and ethane were detected 

Table S4). 

The other two samples were from imported gas cartridges, and 

he same isobutane/butane mixture was detected, such as the lo- 

al sample instead of only butane as prescribed (Fig. S8A, B). The 

otal butane content in imported sample 1 was 97.44% as an isobu- 

ane/butane mixture plus 2.39% propane, while it supposes to con- 

ain only butane. The third sample (imported sample 2) included 

8.06% total butane, as an isobutane/butane mixture, and 1.89% 

ropane, while the note on the can mentioned content of 20/80% 

ropane/butane. Although it probably may not affect the perfor- 

ance of the Lighter gas mixture, imported sample 2 imprecisely 

entioned a way higher propane content than it actually has, and 

ll three samples did not note that butane content is a mixture of 

sobutene and butane. The local gas cartridge provider sticks with 
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Fig. 7. Column loading study for 5-ZMOF@DVB column (18 cm long × 0.25 mm inner diameter) using propane as a testing probe under 100 °C and 0.5 MPa. (A) linear 

consistency of retention, initial and final time of propane peak, as well as its 1st moment, with increasing injection volume in a log scale, and (B) linear consistency of 

propane peak area with increasing injection volume. 

Fig. 8. Separation of a commercial Lighter Gas sample using 5-ZMOF@DVB column 

(18 cm long × 0.25 mm inner diameter) under an isothermal temperature of 60 °C 
and inlet pressure 0.3 MPa. Peaks: methane, ethane, propane, isobutane, and bu- 

tane, respectively, according to elution order. 
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he internationally recommended percentage of propane/butane 

ixture (30/70%), which they clearly wrote on the cartridges; how- 

ver, using the other two imported Lighter gas mixtures would be 

afer in such a hot climate like in Saudi Arabia. 

.7. R-410A azeotropic mixture separation 

The previous performance of the ZMOF@DVB composite sta- 

ionary phase has encouraged the exploration of more challeng- 

ng separations, such as the azeotropic refrigerant mixture of di- 

uoromethane (R-32) and pentafluoroethane (R-125) (50/50 wt%), 

ommercially known as Freon R-410A. The importance of such sep- 

ration arises from the greenhouse effect of fluorocarbons due to 

heir high global warming potential (GWP) and hence the persis- 

ent need for energy-efficient separation, reclamation, and recovery 

echnologies through adsorption-based separation [47] . The main 

eason behind the frustrating difficulty in separating the R-410A 
9 
ixture is the boiling point similarity of its components (Table S5). 

evertheless, complete separation of the R-32 and R-125 blends 

as achieved with a selectivity of 3.36 and a resolution of 1.1 

Table S6), using the 3-ZMOF@DVB column under room tempera- 

ure (32 °C) and constant helium pressure of 0.5 MPa ( Fig. 9 A). In

ddition, the 5-ZMOF@DVB column was also able to separate the 

ixture under the same conditions with higher selectivity (3.48) 

ut with lower resolution (0.57) due to broadening of R-125 peak 

Table S6). R-125 peaks broadened about 2.3 to 3.4 times using 

he 5-ZMOF@DVB column compared to the 3-ZMOF@DVB column, 

hile the R-32 peak kept the same broadening indicating more 

istribution of R-125 molecules as ZMOF Percentage increased. The 

imulated adsorption isotherm for sod-ZMOF confirmed that the 

eparation ability is attributed to the incorporated nanoparticles 

 Fig. 9 B), considering the neat-DVB monolith’s failure to afford any 

eparation. The simulated uptake showed preferential adsorption 

f R-125 over R-32 in agreement with their chromatographic elu- 

ion order. Furthermore, the adsorption isotherm shape gave ev- 

dence of a thermodynamically driven separation rather than a 

olecular sieving separation, such as the previous case with bu- 

ane isomers. 

Thermodynamic parameters were evaluated for the adsorptive 

eparation of R-32 and R-125 at infinite dilution (Henry’s region) 

nd a temperature range of 32–60 °C for a deeper understanding 

f the separation mechanism. Initially, it was observed that the ad- 

usted retention time of analytes reduced significantly when the 

olumn temperature increased, implying exothermic adsorption. 

an’t Hoff plots exhibited a high linear correlation ( Fig. 10 ), indi- 

ating that the interaction mechanism did not alter during the sep- 

ration process. Negative Gibbs free energy ( �G A ) values ( Table 3 

nd S10) indicate a spontaneous process of solutes transfer from 

he mobile phase to the stationary phase for both monoliths. 

The slope of plots of ln V g vs. 1/T was used to calculate ad- 

orption enthalpies ( �H A ) (Fig. S9), with a linear dependency in- 

icating a constant value of �H A in the temperature range in- 

estigated (32–60 °C). �H A values over both studied compos- 

tes are higher than the enthalpy change of liquefaction ( �H liq ) 

48] ( Table 3 and S11), confirming that interactions between ad- 

orbates and adsorbent are overwhelming the adsorbate–adsorbate 

nteractions. Furthermore, as these values are so close, it was also 
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Fig. 9. (A) Chromatograms of difluoromethane (R-32) and pentafluoroethane (R- 

125) separation using 3-ZMOF@DVB column (18 cm long × 0.25 mm inner diame- 

ter) under 32 °C and constant helium pressure of 0.5 MPa, (B) simulated R-32 and 

R-125 adsorption isotherms for sod-ZMOF. 

Table 3 

Free energy change of adsorption ( �G A ) and entropy change of adsorption ( �S A ) 

at 50 °C, and the enthalpy change of adsorption ( �H A ) at the range 32–60 °C, 

of difluoromethane (R-32) and pentafluoroethane (R-125), on 3-ZMOF@DVB, and 

5-ZMOF@DVB columns. Data was recorded at 0.5 MPa. 

Columns 

- �G A (kJ mol −1 ) - �S A (J mol −1 K −1 ) - �H A (kJ mol −1 ) 

R-32 R-125 R-32 R-125 R-32 R-125 

3-ZMOF@DVB 19.87 23.91 72.5 65.1 43.30 43.94 

5-ZMOF@DVB 17.61 21.81 115.1 77.8 54.79 46.94 

p
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Fig. 10. Van’t Hoff plots of difluoromethane (R-32) and pentafluoroethane (R-125), 

on (A) 3-ZMOF@DVB, and (B) 5-ZMOF@DVB columns, in the range 32–60 °C. Data 

was recorded at 0.5 MPa. 
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roved that weak secondary van der Waals forces drive most in- 

eractions across the surface. As a result, it is feasible to conclude 

hat the surface of both ZMOF@DVB monoliths is energetically ho- 

ogenous toward the adsorption of the designated analytes. The 

nthalpy change of adsorption is commonly used to discriminate 

etween physical and chemical adsorption, with an arbitrary value 

f 62.8 kJ mol −1 [49] . However, Table 3 demonstrates that the val- 

es of �H A do not surpass the physical-chemical adsorption limit, 

howing that all testing probes solely interact physically with the 

tudied stationary phases. 

The absolute value of the enthalpy of adsorption for R-32 

nd R-125 was almost the same for the adsorptive separation 
10 
ver 3-ZMOF@DVB and even higher for R-32 than R-125 using 5- 

MOF@DVB. The higher dipole moment of R-32 was probably the 

eason for the higher �H A values with an increasing percentage 

f the anionic sod-ZMOF within the composite structure. Accord- 

ngly, R-32 was supposed to retain more than R-125, which is not 

he actual situation. Given that the pore diameter of sod-ZMOF 

s 4.1 Å and the kinetic diameter of R-125 is 4.4 Å, a higher re-

ention of R-125 in sod-ZMOF was anticipated. R-125 molecules 

ere probably trapped due to steric hindrance occurring during 

he sod-ZMOF desorption process. This would be explained by the 

ower values of entropy of adsorption of R-125 than R-32 ( Table 3 

nd S12), indicating a higher degree of freedom for R-125 in- 

ide the pore cavity of sod-ZMOF allowing for more adsorbate- 

dsorbent (C–F …M/ C–H 

…π ) interactions. Taken together, the sep- 

ration of R-410A azeotropic mixture over ZMOF@DVB composite 

onolith with preferential adsorption of R-125 was mainly due to 

ts trapping inside ZMOF pores with an entropic advantage rep- 

esented in more freedom and resulting in increasing distribution 

ith stronger adsorption and higher retention. Comparison be- 

ween 3-ZMOF@DVB and 5-ZMOF@DVB exhibited higher values of 

he enthalpy and entropy of adsorption for the latter for both R-32 

nd R-125, confirming the pivotal role effect of sod-ZMOF nanopar- 

icles in separation. 
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. Conclusions 

We prepared sod-ZMOF@DVB monolithic composite capillary 

olumns (18 cm long × 0.25 mm inner diameter) for conven- 

ional GC applications of aliphatic, aromatic, cyclic, acidic, basic 

ompounds, and light hydrocarbon, and fluorocarbon gasses sep- 

rations under relatively low-pressure (0.5 MPa). The prepared 

olumns showed satisfying thermal stability up to 380 °C, and the 

ET surface area of the DVB polymer monolith almost doubled by 

dding only 1.17 wt% of sod-ZMOF nanoparticles (225 nm) into the 

onolithic matrix. A fast high-resolution separation of linear alka- 

es sample was performed within 2 min for a line alkanes mixture 

rom methane to decane. McReynolds constants study revealed 

n increasing nonpolar nature of the prepared composite with 

ncreasing sod-ZMOF percentage, which is a desirable character 

or most chromatographic applications. A mixture of polar probes 

as separated successfully with an elution order that obeys its 

ontent decreasing polarity consistent with McReynolds constants 

esults. Excellent repeatability and reproducibility were demon- 

trated over more than 500 runs and three batches of columns. 

ommercial samples of a Lighter gas mixture were qualitatively 

nalyzed to identify its gas content and percentage. The composite 

onolithic column 5-ZMOF@DVB completely separated the Lighter 

as mixture content, including butane and isobutene. Finally, the 

MOF@DVB composite showed a preferential selectivity of R-125 

ver R-32, probably due to the entropic advantage of R-125, allow- 

ng for more freedom and hence more interaction while trapped 

nside the ZMOFs pore cavity. 

Taken together, these results demonstrate the advantage of 

ombining the high permeability and simple preparation of mono- 

iths with high surface area, designable structure, and wide vari- 

bility of MOFs. ZMOF@DVB composite allows for a higher resolu- 

ion and performance separations of small molecules by increasing 

he surface area of interaction and provides the monolithic matrix 

ith well-defined nano-pores allowing for efficient gas separations. 

dditionally, the sod-ZMOFs anionic structure can be utilized for 

n-situ post-synthetic modifications through cation exchange to ex- 

end the application of the monolithic composite toward specific 

eparations. On the other hand, GC provided an effective tool for 

he initial evaluation of porous polymers’ adsorption and separa- 

ion efficiency and as an alternative practical approach rather than 

alculation methods such as IAST. This work paves the way for in- 

riguing research series to explore the separation efficiency of more 

MOF topologies, molecular sieving possibilities, and in-situ post- 

ynthetic modifications of the composite monolith. 
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