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Abstract

Separating hydrocarbons from refinery dry gas is a fundamental demand in petrochemical industry. Metal-Organic Frameworks

are a class of promising advanced adsorbents, yet better moisture stability and higher adsorptive selectivity are still needed

to meet the requirement of petrochemical industry. Herein, a multifunctional adsorbent urea@Cu-BTC was prepared from

cheap building blocks at room temperature, which exhibits generally enhanced adsorptive separation performance towards

CO2/CH4, CO2/N2, C3H6/C3H8, C2H4/C2H6, CH4/N2 separation. More interestingly, urea@Cu-BTC shows significantly

enhanced stability against moisture. Combining structural characterization and molecular simulation, the improved adsorptive

separation performance was ascribed to the enhanced confinement from the creation of ultra-micro porosity due to the presence

of urea molecule in the microporous channel of Cu-BTC. The major components in refinery dry gas can be well separated using

a column filled with urea@Cu-BTC, which demonstrates that micro-regulating the channel of MOFs is a feasible strategy for

preparing high performance petrochemical adsorbents.
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Abstract 

Separating hydrocarbons from refinery dry gas is a fundamental demand in 

petrochemical industry. Metal-Organic Frameworks are a class of promising advanced 

adsorbents, yet better moisture stability and higher adsorptive selectivity are still 

needed to meet the requirement of petrochemical industry. Herein, a multifunctional 

adsorbent urea@Cu-BTC was prepared from cheap building blocks at room 

temperature, which exhibits generally enhanced adsorptive separation performance 

towards CO2/CH4, CO2/N2, C3H6/C3H8, C2H4/C2H6, CH4/N2 separation. More 

interestingly, urea@Cu-BTC shows significantly enhanced stability against moisture. 

Combining structural characterization and molecular simulation, the improved 

adsorptive separation performance was ascribed to the enhanced confinement from the 



creation of ultra-micro porosity due to the presence of urea molecule in the microporous 

channel of Cu-BTC. The major components in refinery dry gas can be well separated 

using a column filled with urea@Cu-BTC, which demonstrates that micro-regulating 

the channel of MOFs is a feasible strategy for preparing high performance 

petrochemical adsorbents. 

KEYWORS: adsorption/gas; refinery dry gas; channel regulation; moisture stability; 

metal-organic framework  

 

1. Introduction 

Petroleum, the predominant raw material of many valuable chemicals, is considered as 

the “industry blood”. Catalytic cracking of petroleum yields the mixture of lighter 

products (Scheme 1), including propane, propylene, ethane, ethylene, methane, carbon 

dioxide, etc.[1] Hence, it is of industrial significance to separate hydrocarbons from the 

mixture for the purified products such as polymer grade olefins. Table 1 lists the 

composition of a typic refinery dry gas[2]. After desulfurization, the treatment of sweet 

gas mainly includes the following 6 steps:  

A. CO2 stripping, which comes down to the separation of CO2 from N2 and CH4 

under moisture. 

B. C2-C3 recovery, which concerns the extraction of C2-C3 from CH4. 

C. C3H6 recovery, where the key is selective separation of C3H6 from C3H8. 

D. C2H4 recovery, where the key is selective separation of C2H4 from C2H6. 



E. CH4 recovery, where the main challenge is efficient extraction of CH4 from N2. 

F. H2 production, which separates H2 from N2 and O2. 

Despite the wide deployment of distillation technology for this application, the 

harsh working conditions of high pressure (7-28 bar), low temperature (183-258 K), 

extreme reflux ratio (up to ~20), and numerous plate number (>100) lead to the 

intensive consumption of energy[3]. As a result, the heat-driven chemical separation 

processes account for ~50% of US industrial energy consumption[4]. On the contrary, 

adsorptive separation technology emerged as a promising alternative to distillation due 

to its inherent mild working conditions and low consumption of energy[5-7]. The design 

and preparation of advanced adsorbents with superior selectivity, decent capacity, 

reliable regeneration, and good stability are the key to efficient separation and 

purification processes[8]. The main challenge arises from similar molecular size and 

polarization of the hydrocarbon analogs to be separated (Table 1)[2, 9]. 

 

Scheme 1 Scheme of the separation process for refinery dry gas 



 

Table 1 The composition of a typical refinery dry gas 

Composition 
Content 

(%) 

Kinetic 

diameter/Å 

Polarization 

×1025 /cm3 
Composition 

Content 

(%) 

Kinetic 

diameter/Å 

Polarization

×1025 /cm3 

CO2 2.08 3.3 29.11 C2H4 16.38 4.16 42.52 

CH4 31.38 3.76 25.93 C2H6 14.91 4.44 44.3-44.7 

N2 20.40 3.64-3.80 17.40 C3H6 0.90 4.68 62.6 

H2 12.35 2.83-2.89 8.04 C3H8 0.14 4.3-5.12 62.9-63.7 

O2 0.74 3.47 15.81 H2O 0.72 2.64 14.5 

 

Conventional adsorbents such as zeolites[10-12], activated carbons[13, 14] and 

aluminum oxide[15] have been investigated in gas separation. Metal-Organic 

Frameworks (MOFs) have been broadly used in hydrocarbons separation due to the 

merits of flexible structure, well-developed porosity, and tunable framework[16-18]. In 

particular, Cu-BTC exhibits high adsorptive capacity at ambient conditions[19-21], and 

has been commercialized by BASF (Basolite® C300)[22]. Cu-BTC has paddle-wheel 

type metal corners bounded to four tricarboxylate linkers that bears different 

microporous cages with the pore size of 3.5 Å and 9 Å[23], respectively. Besides, 

unsaturated Cu acts as Lewis-acid site to polarize adsorbates, facilitating enhanced 

adsorption toward olefins and CO2. However, the unsaturated Cu sites are also 

vulnerable to moisture attack[24, 25]. Great effort has been devoted to improve the 

separation performance and moisture stability of MOFs. Li et al.[26] protected Cu-BTC 

with imidazole to synthesize Imi@Cu-BTC, which exhibited enhanced moisture 

stability at the cost of slight loss in CO2 capacity. Lin et al.[27] proposed the post-

synthetic preparation of ACN@Cu-BTC, which achieved the complete preservation of 

CO2 capacity under moisture. Wu et al.[28] developed the bifunctional SBU-tuning 



strategy (SBU: Secondary Building Unit) to synthesize Gly@Cu-BTC, exhibiting 

enhanced CO2 uptakes (5.4 mmol/g), CO2/CH4 selectivity (8.53), CO2/N2 selectivity 

(59.38), and moisture stability (up to 20 days) at 298 K and 1 bar simultaneously. Sun 

et al. grafted pyrrole onto Cu−BTC to prepare Pyr@CuBTC, which showed high C3H6 

capacity (7.60 mmol/g) and C3H6/C3H8 selectivity (8.3) at ambient condition. Despite 

progresses in these specific applications, a generalized strategy for the preparation of 

multifunctional petrochemical separation adsorbents is needed to avoid expensive and 

time-consuming adsorbent design and synthesis for each of these specific separation 

progresses. Herein, we propose the SBU-tuning strategy to micro-regulate the channel 

of Cu-BTC, which simultaneously improves the capacity, selectivity, regeneration, and 

stability of the Cu-BTC derived adsorbent urea@Cu-BTC for CO2/CH4, CO2/N2, 

CH4/N2, C3H6/C3H8, and C2H4/C2H6 separation. 

Urea, as one of the most widely used nitrogen fertilizer, has the advantages of easy 

access and low price (Table S1), and was chosen as the SBU-tuning reagent for the 

micro-regulation of Cu-BTC channel. The objective of this work is to prepare a 

multifunctional adsorbent urea@Cu-BTC and investigate its performance in 

petrochemical separation. Experimental and computational approaches were combined 

to interpretate the origination of the enhanced adsorptive separation performance of 

urea@Cu-BTC in the potential application of refinery sweet dry gas separation. The 

urea@Cu-BTC adsorbent was thoroughly characterized by scanning electron 

microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 

and N2 sorption to provide structural information. Isotherms of key components in 



refinery dry gas (including CO2, CH4, N2, C2H4, C2H6, C3H6, and C3H8) were measured 

to derive thermodynamic properties of the adsorption processes. Dynamic breakthrough 

experiments were performed to estimate the performance of urea@Cu-BTC in potential 

petrochemical separation application. Based on the mechanism study, a strategy to 

prepare multifunctional petrochemical separation adsorbent was proposed to meet the 

ever-growing need of efficient separation processes in petroleum industry. 

2. Experimental 

2.1. Materials 

Zinc oxide (ZnO, 99.99%, Aladdin); copper nitrate [Cu(NO3)2·3H2O, 99%, Damao 

Chemical Reagent Factory]; urea (99.9%, Guangzhou Chemical Reagent Factory); 

1,3,5-Benzenetricarboxylic acid (H3BTC, 95%, J&K Scientific); N,N-

dimethylformamide (DMF, AR) from Guangdong Guanghua Sci-Tech Co., Ltd. 

Ethanol and methanol from Damao Chemical Reagent Factory. All chemicals and 

reagents were used without further purification. 

2.2. Synthesis 

2.2.1. Cu-BTC 

ZnO (0.293 g) was dissolved in H2O (8 mL) under ultrasonication before adding DMF 

(16 mL). Cu(NO3)2·3H2O (1.74 g) was dissolved in H2O (8 mL) while H3BTC (0.84 g) 

was dissolved in EtOH (16 mL). All solutions were combined under stir to yield Cu-

BTC crystallite as blue solid. The product was filtered and washed with DMF and 



ethanol to remove the unreacted chemicals. Then, the solid was soaked in ethanol (12 

h × 2 times) and methanol (12 h × 2 times) to evacuate DMF. 

2.2.2. urea@Cu-BTC  

The synthesis of urea@Cu-BTC was similar to that of Cu-BTC, except that a certain 

amount of urea was added to Cu(NO3)2 aqueous solution with the urea/Cu molar ratio 

of 1:1, 1:3, 1:5. The corresponding products were labeled as urea1/1@Cu-BTC, 

urea1/3@Cu-BTC, urea1/5@Cu-BTC, respectively. 

2.3. Characterization 

The scanning electron microscope (SEM) was conducted on Hitachi SU8220 to 

characterize the morphology of adsorbents. Samples were dispersed in EtOH by 

ultrasonication and then the supernatant was casted on aluminum foil attached with 

conductive glue. All samples were sputter coated with gold. Powder X-ray diffraction 

(PXRD) patterns were obtained on a Bruker D8 Advance diffractometer with Cu Kα 

radiation (40 mA, 40 kV) and at the scan speed of 2°/min. X-ray photoelectron 

spectroscopy (XPS) spectra was obtained with an Axis Ultra DLD instrument. N2 

isotherms were measured on a Micromeritics ASAP 2460 instrument at 77 K, where the 

surface area and pore volume were estimated with the built-in software. 

2.4. Isotherms 

The samples were degassed at 393 K under vacuum for 6 hours before test. The 

isotherms of CO2, CH4, N2, C2H4, C2H6, C3H6, and C3H8 were measured using a 3Flex 



Surface Characterization Analyzer (Micromeritics, USA) at 288 K, 298 K, and 308 K. 

2.5. Breakthrough curves 

Breakthrough curves of equimolar CO2/CH4, CO2/N2, C2H4/C2H6, and C3H6/C3H8 

binary gas mixture were measured on the home-made breakthrough setup apparatus 

(Figure S1). Adsorbent (~ 0.5 g) was filled into a stainless-steel column (inner 

dimension 5 × 200 mm) for each run. The gas mixture flowed through the column at 

the rate of 2 mL/min, and the eluent of the column was monitored with a gas 

chromatography (GC-9500, Shanghai Wuhao, China) equipped with a thermal 

conductivity detector (TCD) and flame ionization detector (FID). 

2.6. Molecular simulation 

Molecular simulation was performed with Materials Studio 2017 software package for 

the mechanism investigation. DFT calculation was performed with Dmol3 module[29] to 

calculate the binding energy in strong adsorption systems (i.e., chemisorption or 

adsorption on strongly polarized surface). All atoms were modeled using GGA/PW91 

function and DNP+ basis set[30, 31]. Cu2BA4 (BA = benzoic acid) was constructed to 

represent the SBU of Cu-BTC. Urea coordinated to Cu site with its nitrogen or via 

oxygen atom. Sorption module[32] was used to estimate adsorption energy at 100 kPa. 

All atoms are modeled with universal forcefield (UFF)[33] together with QEq method[34] 

to assign atomic partial charge. The Connolly surface method[35, 36] was used to 

calculate the porosity characteristics of Cu-BTC modified with varying ratios of urea. 



Hard spheres of CO2 (3.3 Å) were used as probe molecules. Grid interval was set to 

0.15 Å with the vdW scale factor of 1.00 Å. All structures were geometry optimized to 

their energy minimum. Binding energy was calculated following eqn(1): 

𝐸(𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦) = 𝐸(𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡+𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑛𝑡) − 𝐸(𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡) − 𝐸(𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑛𝑡) (1) 

3. Results and Discussion 

3.1. Characterization 

Figure 1(a) shows the N2 isotherms of urea@Cu-BTCs and Cu-BTC at 77 K. All 

samples are of typical type-Ⅰ isotherms, indicating predominant microporosity. Specific 

surface area and pore volume were calculated from N2 isotherms and listed in Table 2. 

The presence of urea in Cu-BTC enhances its porosity, indicated by the significantly 

higher specific surface area and pore volume of urea@Cu-BTCs. More importantly, the 

ultra-micro porosity (< 7 Å) is enhanced with the increase in urea amount. Besides, urea 

grafting also creates enhanced confinement in the microporosity of urea@Cu-BTC, 

implied by the shift of pore size distribution from 9.6 Å (Cu-BTC) to 7.3 Å 

(urea1/5@Cu-BTC) to 6.8 Å (urea1/3@Cu-BTC) to 5.9 Å (urea1/1@Cu-BTC) as is shown 

in Figure 1(b). Such phenomena would only happen when: (1) the presence of urea does 

not compromise the growth of Cu-BTC crystal; (2) the introduced urea coordinates to 

Cu sites to enable monomolecular dispersion. The former precondition could be 

evidenced by XRD (Figure S2) and SEM (Figure S3), where all characteristic 

diffraction peaks of Cu-BTC are preserved in the case of urea@Cu-BTC, and urea@Cu-

BTC preserves the octahedral shape of Cu-BTC crystal but with more pronounced 



defects. The later precondition is supported by XPS (Figure S4), where the binding 

energy of Cu 2p3/2 shifts from 933.43 eV of Cu-BTC to 932.06 eV of urea1/3@Cu-BTC 

with a chemical shift of -1.37 eV, indicating the decrease in Cu oxidation state caused 

by the coordination of urea. On the other hand, the presence of urea brings in distortion 

and defect to Cu-BTC crystals. As a result, the specific surface area first increases and 

then decreases with the increase in urea amount. Therefore, urea1/3@Cu-BTC exhibits 

the highest specific surface area and pore volume among all urea@Cu-BTCs. Hence 

the label urea@Cu-BTC is used to represent urea1/3@Cu-BTC in the following 

discussion for the sake of conciseness. 

 

Figure 1 (a) N2 isotherms and (b) pore-size distribution of urea@Cu-BTCs and Cu-

BTC 

 

Table 2 Porosity parameters of Cu-BTC and urea@Cu-BTCs. 

Adsorbents 
Surface area (m2 g-1)  Pore volume (cm3

 g-1) 

BET Langmuir  Vtotal Vmicro Vmeso 

urea1/1@Cu-BTC 1746 2132  0.71 0.60 0.11 

urea1/3@Cu-BTC 1901 2182  0.79 0.65 0.14 

urea1/5@Cu-BTC 1829 2055  0.74 0.63 0.11 

Cu-BTC 1462 1689  0.63 0.50 0.13 



3.2. Adsorptive Separation 

3.2.1. CO2 Stripping 

Since CH4 (31.38%) and N2 (20.40%) are the major components in refinery dry gas as 

shown in Table 1, the major challenges in CO2 stripping are the selective separation of 

CO2 from N2 and CH4 under moisture. Figure 2(a) compares the isotherms of CO2, CH4 

and N2 on urea@Cu-BTC and Cu-BTC at 298 K. The adsorptive capacity of urea@Cu-

BTC for CO2, CH4 reaches 5.9 mmol/g, 1.1 mmol/g at 298 K and 1 bar, being 23.7% 

and 10.2% higher that of Cu-BTC, respectively. Isosteric heat of adsorption (Qst) is 

calculated (Table S2-3) using the Virial equation (S1) derived from the adsorption 

isotherms of CO2, CH4, and N2 at 288 K, 298 K and 308 K (Figure S6-7). Figure 2(b) 

exhibits the isosteric heat of CO2 (27.8 kJ/mol), CH4 (18.5 kJ/mol) and N2 (14.9 kJ/mol) 

adsorption on urea@Cu-BTC at zero coverage surpasses that on Cu-BTC, indicating 

higher affinity of urea@Cu-BTC towards CO2/CH4/N2 adsorption. The slight increase 

in CH4 and N2 affinity could be attributed to the enhanced confinement of urea@Cu-

BTC channels resulted from the presence of urea. Moreover, the substantially higher 

isosteric heat of CO2 adsorption on urea@CuBTC than that of CH4 and N2 indicates the 

promising potential of its selective adsorption of CO2 from refinery dry gas. The 

adsorptive selectivity of CO2/CH4 and CO2/N2 equimolar mixtures is evaluated using 

ideal adsorbed solution theory (IAST, S2). Single-component isotherms of CO2, CH4, 

and N2 are fitted by the dual sites Langmuir-Freundlich model (Table S4-5), and then 

the adsorptive selectivity of binary mixture is defined in eqn(2): 

𝑺𝟏,𝟐 =
𝒙𝟏/𝒙𝟐

𝒚𝟏/𝒚𝟐
     (2) 



where x1 and x2 represent the molar fractions of components 1 and 2 in the adsorbed 

phase, while y1 and y2 represent that in the gas phase. As a result, the IAST selectivity 

of equimolar CO2/CH4 and CO2/N2 on urea@Cu-BTC reaches 9.5 and 95.2 (Figure 2c), 

being 19.8% and 59.9% higher than that on Cu-BTC, respectively. 

Figure 2(d-f) compare the DFT-optimized configuration of CO2 adsorption on 

urea@Cu-BTC and Cu-BTC to interpret the origination of the enhanced CO2 selectivity. 

Urea coordinates to Cu sites by its nitrogen atom (Figure 2d, 39.4 kJ/mol) or oxygen 

atom (Figure 2e, 37.0 kJ/mol). Either way, CO2 adsorption was uncompromised when 

compared to that of Cu-BTC (Figure 2f, 26.4 kJ/mol). It is plausible that the presence 

of urea introduces new adsorption sites that strongly adsorb CO2 under the synergy of 

polarization from N/O and the enhanced confinement effect, leading to the improved 

CO2 stripping performance of urea@Cu-BTC (Figure S5). 

 

Figure 2 (a) Isotherms, (b) isosteric heat of CO2, CH4, N2 adsorption, (c) IAST 

selectivity of equimolar CO2/N2 and CO2/CH4 on urea@Cu-BTC and Cu-BTC, and 



DFT-optimized configuration and binding energy of CO2 adsorption on (d, e) urea@Cu-

BTC, (f) Cu-BTC. 

3.2.2. C3H6 Recovery  

After CO2 stripping in column A, C2 and C3 hydrocarbons are recovered and separated 

from column B (Scheme 1). Column C separates C3 (Table S6) to produce polymer-

grade propylene, where key requirement to adsorbents is the selective recovery of C3H6 

(86.54%) from C3H8 (13.46%). Figure 3(a) compares isotherms of C3H6 and C3H8 on 

urea@Cu-BTC and Cu-BTC at 298 K, where the C3H6 and C3H8 uptakes of urea@Cu-

BTC are 9.4 mmol/g and 8.3 mmol/g at 298 K and 1 bar, being 8.8% and 12.2% higher 

than that on Cu-BTC. Figure 3(b) suggests that Qst of C3H6 adsorption is higher than 

C3H8 on both adsorbents, except that urea@Cu-BTC exhibits 24.6% higher isosteric 

heat of C3H6 adsorption (41.0 kJ/mol) than that on Cu-BTC (32.9 kJ/mol). Figure 3(c) 

shows that the energy distribution of the adsorbed C3H6 molecules exhibits three peaks 

on Cu-BTC, corresponding to the strongest unsaturated Cu site (π-complexation, -94.4 

kJ/mol), the tetrahedral pocket site (3.5 Å, -74.4 kJ/mol), and the channel site (9 Å, -

59.4 kJ/mol)[23]. For the case of urea@Cu-BTC, only two peaks are observed. The peak 

representing π-complexation disappears due to the steric hinderance of urea, which 

results in lower probability of accessible Cu site. However, the presence of urea brings 

in new adsorption site at -81.3 kJ/mol, which is enhanced by 9.3% than the original 

pocket sites, accounting for the 6.7% improved C3H6/C3H8 selectivity as shown in 

Figure 3(d). Figure S8 and Table S9 indicate that the increase in urea amount imposes 

stronger confinement on the porosity of urea@Cu-BTC, facilitating the formation of 



the new-creating strong sites for C3H6 selective adsorption. 

 

Figure 3 (a) Isotherms, (b) isosteric heat of C3H6 and C3H8 adsorption, (c) simulated 

interaction energy, (d) IAST selectivity of equimolar C3H6/C3H8 on urea@Cu-BTC and 

Cu-BTC. 

3.3.3. C2H4 Recovery  

Column D separates C2 to produce polymer-grade ethylene (Table S7), where the key 

process is to recover C2H4 (52.35%) from C2H6 (47.65%). Figure 4(a) compares the 

isotherms of C2H4 and C2H6 on urea@Cu-BTC and Cu-BTC. The adsorption capacities 

of C2H4 and C2H6 on urea@Cu-BTC are 7.9 mmol/g and 6.6 mmol/g at 298 K and 1 

bar, respectively, being 10.9% and 9.2% higher than that on Cu-BTC. Figure 4(b) shows 

that the isosteric heat of C2H4 on urea@Cu-BTC at zero coverage (38.3 kJ/mol) is 10.2% 

higher than that on Cu-BTC, which results in the improved adsorptive separation 

performance. Figure 4(c) indicates the presence of new adsorption sites in urea@Cu-



BTC at -58.3 kJ/mol, being 20.0% stronger than the pocket sites in Cu-BTC, which 

leads to 8.7% higher C2H4/C2H6 selectivity.  

 

Figure 4 (a) Isotherms, (b) isosteric heat of C2H4 and C2H6 adsorption, (c) simulated 

interaction energy, (d) IAST selectivity of equimolar C2H4/C2H6 on urea@Cu-BTC and 

Cu-BTC. 

3.3.4. CH4 Recovery  

After C2 and C3 separation, CH4 is recovered from column E (Table S8) where the 

main challenge is the efficient extraction of CH4 (47.84%) from N2 (31.10%). 

Urea@Cu-BTC adsorbs 10.2% more CH4 (1.1 mmol/g) than Cu-BTC at ambient 

conditions (Figure 5a), together with the 22.6% and 19.4% enhanced isosteric heat of 

CH4 (18.5 kJ/mol) and N2 (14.9 kJ/mol) adsorption (Figure 5b). There are two major 

peaks for CH4 adsorption on urea@Cu-BTC (Figure 5c), representing the channel site 

(-15.9 kJ/mol) and the tetrahedral pocket site (-28.2 kJ/mol), being 11.6% and 3.3% 



higher than that on Cu-BTC. As a result, urea@Cu-BTC has a 15.2% increased CH4/N2 

selectivity (Figure 5d).  

 

Figure 5 (a) Isotherms, (b) isosteric heat of CH4 and N2 adsorption, (c) simulated 

interaction energy, (d) IAST selectivity of equimolar CH4/N2 on urea@Cu-BTC and 

Cu-BTC. 

3.4. Comprehensive Assessment 

3.4.1. Adsorption Equilibrium 

The capacity of urea@Cu-BTC toward all the major hydrocarbons in refinery dry gas 

has been improved when compared to that of Cu-BTC (Figure 6a), which could be 

ascribed to the increased isosteric heat of adsorption (Figure 6b). Figure 7 compares the 

isosteric heat of adsorption and capacity of urea@Cu-BTC with other reported 

MOFs[37-48], where urea@Cu-BTC exhibits moderate isosteric heat of C2H4, C3H6, and 



CO2 adsorption but superior capacity at ambient conditions (Table S10-13 for additional 

data). The main competitor to urea@Cu-BTC is Mg-MOF-74[49, 50], who can utilize its 

abundant unsaturated metal sites to strongly adsorb olefins via π-complexation and CO2 

through its quadrupole moment. On the contrary, urea@Cu-BTC holds the advantage 

of more feasible regeneration due to lower isosteric heat of adsorption. 

 

Figure 6 (a) The adsorption amount (b) the Qst of C3H6, C3H8, C2H4, C2H6, CO2, CH4 

and N2 on urea@Cu-BTC and Cu-BTC at 298 K and 1 bar. 

 

Figure 7 A comparison of urea@Cu-BTC and the reported materials in aspect of 



isosteric heat and (a) C3H6 uptake (b) C2H4 uptake (c) CO2 uptake (d) CH4 uptake. 

 

3.4.2. Moisture Stability  

CO2 was used as the molecular probe to estimate the moisture stability of urea@Cu-

BTC. Figure 8(a) shows a drastic loss of 91% in CO2 capacity for Cu-BTC under RH= 

55% moisture for 20 days. On the contrary, urea@Cu-BTC experienced a slight loss of 

11% under the same conditions. Figure 8(b) suggests that the crystal structure of Cu-

BTC collapses on the 7th day while the crystal structure of urea@Cu-BTC remains after 

20 days. DFT calculation indicates that urea coordinates to Cu-BTC via its oxygen atom 

(Figure 9a) or its nitrogen atom (Figure 9b), and their exothermal binding energies are 

calculated to be 93.6 kJ/mol and 98.6 kJ/mol, respectively, which are much stronger 

than the binding energy between H2O and Cu-BTC (Figure 9c, 59.8 kJ/mol). Therefore, 

the coordinate of urea protects Cu site from H2O attack under moisture. 

 

Figure 8 (a) CO2 uptake (b) XRD of urea@Cu-BTC and Cu-BTC after the exposure to 

55% humidity in air at 298 K. 



 

Figure 9 DFT optimized SBU microenvironments for the models of interest 

3.5. Dynamic Breakthrough Experiment 

The dynamic breakthrough curves in Figure 10 shows that the challenging separation 

of CO2/CH4, CO2/N2, C2H4/C2H6, and C3H6/C3H8 mixtures can be achieved with the 

column filled with urea@Cu-BTC at room temperature. Besides, urea@Cu-BTC 

possesses higher working capacity indicated by its longer retention time. The retention 

time of CO2, C2H4 and C3H6 on urea@Cu-BTC is 36.9%, 61.7%, 26.0% and 17.2% 

longer than that on Cu-BTC. Moreover, urea@Cu-BTC exhibits enhanced separation 

performance than that of Cu-BTC, indicated by the more conspicuous difference 

between retention time of two components. The ratio of CO2/CH4, CO2/N2, C2H4/C2H6, 

and C3H6/C3H8 retention time difference of urea@Cu-BTC are enhanced by 36.1%, 

61.7%, 33.9% and 23.7% when compared with that of Cu-BTC. Hence, micro-

regulating the channel of MOFs is a feasible strategy for petrochemical adsorbents. 



 

Figure 10 The dynamic breakthrough curve of (a) CO2/CH4 (b) CO2/N2 (c) C2H6/C2H4 

and (d) C3H8/C3H6 through fixed bed packed with urea@Cu-BTC and Cu-BTC at 298 

K and 1 bar. 

4. Conclusions 

In conclusion, multifunctional adsorbents urea@Cu-BTCs were prepared from cheap 

building blocks at room temperature yet exhibiting generally enhanced adsorptive 

separation performance. The CO2, C3H6, C2H4, and CH4 uptakes on urea@Cu-BTC 

were up to 5.9 mmol/g, 9.4 mmol/g, 7.9 mmol/g and 1.1 mmol/g and the corresponding 

adsorptive selectivity of CO2/CH4, CO2/N2, C3H6/C3H8, C2H4/C2H6, and CH4/N2 on 

urea@Cu-BTC improved 19.8%, 59.9%, 6.7%, 8.7%, and 15.2% than that on Cu-BTC, 

respectively. Besides, the moisture stability of urea@Cu-BTC was significantly 

enhanced. Molecular simulation interpreted the mechanism of the improved adsorptive 



separation performance, and attributed it to the enhanced confinement effect brought 

by micro-regulating the channel with urea. Besides, the enhanced moisture stability was 

ascribed to the coordination of urea, which protects Cu site from H2O attack under 

moisture. Furthermore, the major components of refinery dry gas could be well 

separated using a column filled with urea@Cu-BTC, demonstrating micro-regulating 

the channel of MOFs provides a feasible strategy for the fabrication of advanced 

petrochemical adsorbents.  
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