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Abstract

UiO-66 analogues are good candidates as stationary phase in HPLC because of their chem-

ical/thermal stability, large surface area, and two cage structures. Here, two UiO-66 ana-

logues, UiO-66-NH2 and UiO-67, were synthesized and used as stationary phase in HPLC

to evaluate their performance in the separation of substituted benzenes (SBs) and polycyclic

aromatic hydrocarbons (PAHs). The results showed that SBs could be well separated on

UiO-66-NH2 column but not on UiO-67 column. Nonetheless, PAHs could be well separated

on UiO-67 column. The separation mechanisms of SBs and PAHs on UiO-66 analogues

may be involved in the pore size and functional group in the frameworks of UiO-66 ana-

logues. Introduction of the–NH2 into UiO-66 significantly reduced its adsorption capacity for

SB congeners, which resulted in less separation of SBs on UiO-66-NH2. As for the separa-

tion of PAHs on UiO-67 column, the π-π stacking effect was supposed to play a vital role.

1. Introduction

Metal-organic frameworks (MOFs) are a category of complexes constructed by organic ligands

and inorganic nodes [1]. Most MOFs have infinite network structures and specific properties,

such as large surface area, high adsorption affinity, accessible cages, tunable pore dimension,

and excellent thermal stability [2,3]. Consequently, MOFs have aroused increasing research

interests for their potential application in many fields [4–7]. Particularly, because of their pore

dimension tunability and in-pore functionalization without topological change, MOFs endow

great potential for application in analytical chemistry [8]. Recently, several MOF materials,

including MOF-5, MIL-101(Cr), MIL-47, ZIF-8, and HKUST-1, have been tentatively applied
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in chromatography [9–13]. Especially, due to the considerable difference of MOFs in topologi-

cal structure, the effects of pore sizes in MOFs on chromatographic separation have been

intensively studied [13, 14]. In most cases, excellent separation was achieved based on a combi-

nation of molecular sieving and adsorption effects. However, due to their potential instability

in most solvents, MOFs were only limitedly used in high performance liquid chromatography

(HPLC) [15, 16].

UiO-66 is Zr-cluster-based MOF consisting of cationic Zr6O4(OH)4 nodes and organic

linkers. Due to the combination of strong Zr-O bonds, the UiO-66 possesses high thermal sta-

bility and broad solvent resistance [15]. Because of these physicochemical properties, UiO-66

has been used in chromatographic separation process [14, 17]. In our previous study, UiO-66

was slurry-packed in a chromatographic column and used as stationary phase to separate

substituted benzenes (SBs) and polycyclic aromatic hydrocarbons (PAHs) in NP- and RP-

HPLC [17]. However, the mechanism for the separation of SBs or PAHs by UiO-66 as well as

the structure-performance relationship of UiO-66 analogues remains little understood. In the

present study, two UiO-66 analogues, UiO-66-NH2 and UiO-67, were used as stationary phase

in HPLC to separate SBs and PAH, and the structure-performance relationship of UiO-66 ana-

logues was assessed.

The amino-functionalized metal-organic framework UiO-66-NH2 and the linker-length-

ened metal-organic framework UiO-67 are isoreticular MOFs both derived from UiO-66. The

UiO-66-NH2 was obtained by replacing the UiO-66 organic linker H2BDC with amino-func-

tionalized linker H2BDC-NH2, and the UiO-67 was obtained by replacing H2BDC with longer

linker H2BPDC [18,19]. The presence of -NH2 in UiO-66-NH2 endows it with some special

properties and further results in some potential application, such as photocatalysis in oxida-

tion/reduction processes and adsorption of nitrogen-containing compounds [20–26]. While

considering the high surface area, big pore volume and large pore size of UiO-67 due to its

long linker, UiO-67 was mostly used in adsorption of small molecules, such as CO2, CH4, and

H2 [27–29]. Both UiO-66-NH2 and UiO-67 have similar topological framework, which is also

similar to that of UiO-66. For example, the UiO-66, UiO-66-NH2 and UiO-67 have the same

metal coordination, similar secondary building unit (SBU), and similar interlinking mode of

SBUs. The three MOFs have a certain solvent stability property, which is essential for the

potential application in HPLC separation. However, the UiO-66, UiO-67 and UiO-66-NH2

has different pore size from each other, which enables an investigation of the effects of pore

size on the performance of MOFs in chromatographic separation. In the present study, UiO-

66-NH2 was applied for NP- and RP-HPLC separation, whereas UiO-67 was used only for

NP-HPLC separation due to its lower solvent stability. What’s more, the structure-perfor-

mance relationship of UiO-66 analogues in the same topology structures was demonstrated.

2. Materials and methods

2.1. Chemicals and reagents

All chemicals and reagents were of high purity (analytical grade or higher). Zirconium chloride

(ZrCl4), terephthalic acid (H2BDC), 2-amino-terephthalic acid (H2BDC-NH2), 4,4’-biphenyl-

dicarboxylic acid (H2PDC), N,N-dimethylformamide (DMF), concentrated hydrochloric acid

(HCL), ethanol, n-hexane, and benzoic acid were all analytical grade and purchased from

Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). O-xylene, m-xylene, p-xylene, eth-

ylbenzene, styrene, naphthalene, fluorene, acenaphthene, anthracene, phenanthrene, pyrene,

chrysene, phenol and cresol were all analytical grade and obtained from TCI Development

Co., Ltd. (Shanghai, China). Methanol (MeOH), acetonitrile (CH3CN), n-hexane, and methy-

lene chloride (DCM) were chromatographic grade and purchased from J&K Scientific Ltd.
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(Beijing, China). Ultrapure water was obtained from Milli-Q Water Purification System

(Merck Millipore, Germany).

2.2. Instrumentations

The powder X-ray diffraction (PXRD) patterns of UiO-66 analogues were obtained on a BRU-

KER D8-Focus Bragg-Brentano X-ray Powder Diffractometer equipped with a Cu sealed tube

(λ = 1.54178 nm) at room temperature. Thermogravimetric analysis (TGA) was performed on

a TGA-50 (SHIMADZU) thermogravimetric analyzer with a heating rate of 2˚C�min–1 under

N2 atmosphere. The N2 adsorption isotherms were measured on a Micromeritics ASAP2020

surface area and pore analyzer. The scanning electron microscopy (SEM) images were re-

corded on a Shimadzu SS-550 scanning electron microscope at 15.0 kV.

The MOFs-packed columns were prepared using a HY-HPLC-M chromatographic column

packing equipment (Singapore Hydratech Industries Pie Ltd., Beijing, China). HPLC separa-

tions were performed on a LC-20AT chromatograph equipped with a tunable UV-Vis detec-

tor, an auto-sampler, a binary pump, a column oven, and a LC-solution chromatography data

system (Shimadzu, Kyoto, Japan).

2.3. Synthesis and activation of UiO-66 analogues

UiO-66 was synthesized and activated following to the methods described in our previous

study [17]. Briefly, 0.932 g of ZrCl4, 1.32 g of terephthalic acid, 0.665 mL of concentrated

hydrochloric acid, and 24 mL of DMF were mixed in a Teflon-lined bomb. After ultrasonic

treating for 5 min, the bomb was sealed and then heated at 120˚C for 16 h. The white solid

product was obtained after cooling down and centrifuging at 8000 rpm for 10 min. The prod-

uct was washed three times sequentially with DMF and acetone, and then dried at 60˚C.

UiO-66-NH2 was synthesized in the same way as that of UiO-66 but replacing H2BDC with

H2BDC-NH2, according to the method described by Zhang et al. [30]. The product UiO-

66-NH2 was activated using solvent exchange method (washed with DMF and acetone in

turn). UiO-67 was synthesized by adding 0.12 g of ZrCl4, 0.125 g of H2PDC, and 1.83 g of

H2BDC into 20 mL of DMF in a glass vial. The vial was sealed and then heated at 100˚C for

two days. The resultant white powder was collected and washed with DMF and acetone in

sequence for three times, and then dried at 80˚C.

2.4. Preparation of packed columns for HPLC analysis

The UiO-66 packed column for RP- and NP-HPLC separation was prepared following the

method as described in our previous study [17]. For the preparation of UiO-66-NH2 packed

column, 1.20 g of UiO-66-NH2 was dispersed in 50 mL n-hexane under ultrasonication for 5

min. The resultant suspension was then downward packed into a stainless steel column (5 cm

long, 4.6 mm i.d.) under 5000 psi for 15 min. The suspension was kept intact by the stainless

steel frit with a pore size of 2 μm. The packed column used for NP-HPLC was conditioned

with n-hexane at a flow of 1.0 mL�min−1 for 1 h. The packed column used for RP-HPLC was

conditioned with methanol at a flow of 0.5 mL�min−1 for 1 h. The UiO-67 packed column was

prepared as follows: the well-dispersed suspension of 1.30 g of UiO-67 in 50 mL n-hexane was

downward packed into a stainless steel column (5 cm long, 4.6 mm i.d.) under 5000 psi for 15

min. The UiO-67 packed column was assembled in a similar way to that of the preparation of

UiO-66-NH2 packed column except that1.3 g of UiO-67 rather than 1.2 g of UiO-66-NH2 was

used.
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2.5. HPLC separation experiments

The prepared packed column was connected to the HPLC system to start the HPLC separation

experiments under the indicated chromatographic conditions. The RP-HPLC separations

using UiO-66-NH2 as the stationary phase were performed using MeOH/H2O as mobile phase

at a flow rate of 0.5 mL�min−1, with UV detection at 254 nm and column temperature at 30˚C.

The NP-HPLC separation experiments were conducted using UiO-66-NH2 and UiO-67

packed columns, with n-hexane/DCM as mobile phase at a flow rate 1.0 mL�min−1, UV detec-

tion at 210 nm. Data acquisition and processing were carried out using a LC-solution chroma-

tography data system.

2.6. Thermodynamic analysis

Several parameters calculated by a van’t Hoff model, Gibbs free energy change (ΔG), enthalpy

change (ΔH) and entropy change (ΔS), were used to evaluate the thermodynamic properties of

the HPLC separation [31].

3. Results and discussion

3.1 Characterizations of UiO-66 analogues

The UiO-66-NH2 is a product of amino-functionalized UiO-66 with–NH2 pointing into the

pores. The UiO-67 is a product of linker-lengthened UiO-66 and has larger pore sizes (12 and

16 Å) compared to UiO-66 (8 and 11 Å). Physico-chemical properties of UiO-66 have been

reported in our previous study [17]. Here, PXRD, TG, N2 adsorption-desorption and SEM

experiments were further conducted to characterize the properties of UiO-66-NH2 and UiO-

67. The experimental PXRD patterns of the UiO-66-NH2 and UiO-67 matched well with

respectively simulated curves (from single-crystal structure data), indicating a successful prep-

aration of UiO-66-NH2 and UiO-67 (Fig 1A). UiO-66-NH2 has very similar diffraction peaks

with UiO-66 in the XRD pattern, suggesting that they are isostructural configurations. The

UiO-66-NH2 has a relatively lower thermal stability than UiO-66, while UiO-67 has higher

thermal stability than UiO-66 (Fig 1B). The results of N2 adsorption-desorption isotherms at

77 K indicated that UiO-66-NH2 and UiO-67 are typical microporous materials (Fig 1C). BET

surface areas of the UiO-66-NH2 and UiO-67 are 1070 and 2180 m2�g-1, respectively. Com-

pared to UiO-66 (BET surface area 1200 m2�g-1), UiO-66-NH2 possesses smaller surface area

due to the presence of -NH2, While UiO-67 has nearly twice surface area due to the longer

linker ligand 4,4’-biphenyl. In addition, the activated UiO-66-NH2 and UiO-67 have a rela-

tively broad particle size distribution ranging from 150 to 450 nm (Fig 1D).

3.2 HPLC separation of SBs on UiO-66-NH2

3.2.1 Effects of mobile phase on the separation. Mobile phases composed of MeOH and

H2O at different ratios were used to determine the performance of UiO-66-NH2 in RP-HPLC

separation of benzene and toluene, or ethylbenzene (EB), styrene and xylenes (Fig 2). It was

found that the increase of water proportion in the mobile phases from 0% to 10% resulted in a

less retention time of SBs on UiO-66-NH2 packed column. However, further increase of water

resulted in the increase of retention time. The decreased retention time of SBs on UiO-66-NH2

column with increasing H2O from 0% to 10% in mobile phases is most likely due to the high

affinity of the open-metal site in UiO-66-NH2 for lone pair of electrons in water molecule [32].

Water molecules in the mobile phase could occupy the open metal sites in UiO-66-NH2,

reducing the interactions between SB analytes and UiO-66-NH2 and resulting in a short elu-

tion time. However, with the proportion of H2O increased from 10% to 50% in mobile phase,
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the neutral SB molecules had a poor solubility in the strong polar solvent based on the similar

dissolve mutually theory and consequently resulted in a longer retention time on UiO-66-NH2

column.

Different ratios of the mixtures of at n-hexane and DCM were also used as mobile phases to

investigate the performance of UiO-66-NH2 in NP-HPLC separation of SBs. When n-hexane

alone was used as a mobile phase, the SB congeners were eluted in the way of long retention

time, poor resolution and broad peak. Adding of DCM even in a little amount to n-hexane

would greatly improve the resolution and dramatically decrease the retention time. This phe-

nomenon might be explained by the competitive adsorption theory [33, 34]. When n-hexane/

DCM (97:3) was used as mobile phase, baseline separations of EB, styrene and o-xylene, as well

as benzene and toluene were achieved (Fig 3). However, further increase of DCM content in

n-hexane/DCM mixtures would remarkably decrease resolution and shorten retention time.

Particularly, 10% or more of DCM in n-hexane/DCM would lead to the co-elution of analytes.

3.2.2 RP-HPLC separation of SBs on UiO-66-NH2. Compared to the performance of

SBs on UiO-66 column [17], SBs on UiO-66-NH2 column could not be efficiently separated

irrespective of the different retention times between SBs. The retention times of three xylene

Fig 1. Characterizations of UiO-66 analogues: a XRD patterns; b TG curves; c N2 adsorption-desorption

isotherms; d SEM images.

https://doi.org/10.1371/journal.pone.0178513.g001
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isomers on UiO-66-NH2 column followed the order p-xylene<m-xylene< o-xylene, which

was the same to the order on UiO-66 column [17]. However, the retention times of the three

xylene isomers on UiO-66-NH2 column were shorter than the corresponding retention times

of each xylene isomer on UiO-66 column under the same MeOH/H2O. Since xylene isomers

are neutral compounds, their adsorptions on UiO-66-NH2 and UiO-66 might be attributed to

the action of van der Waals force [25]. Because of the partial blocking of pores by–NH2 groups,

the surface area of UiO-66-NH2 (1070 m2�g-1) was smaller than that of UiO-66 (1200 m2�g-1),

which led to weaker van der Waals force between xylenes and UiO-66-NH2 and resulted in

faster elution (i.e., shorter retention times) of xylenes on UiO-66-NH2 column than on UiO-

66 column.

3.2.3 NP-HPLC separation of xylene isomers on UiO-66-NH2. On UiO-66-NH2 packed

column, o-xylene could be separated from p- and m-xylene, while the separation of m- and p-
xylene was failed. Similar to UiO-66, UiO-66-NH2 has a preferential affinity toward o-xylene.

This might be explained in two aspects [17]. Firstly, O-xylene which has the largest molecular

size among SBs had the strongest Van der Waals interaction with the UiO-66-NH2 framework

[14], and consequently retained longer on the UiO-66-NH2 packed column than the other SBs

did. Secondly, the two methyl groups in o-xylene had a strong interaction with carboxylate

groups in UiO-66-NH2, which might also result in a longer retention of o-xylene on UiO-

66-NH2 packed column [35].

Unlike the performance of o-xylene on UiO-66 column, the baseline separation of m-xylene

and p-xylene failed on UiO-66-NH2 column [17]. This might be due to the lower porosity as

the pores in UiO-66-NH2 could be partially blocked by–NH2. As a result, the surface area

decreased and the interaction between xylenes and UiO-66-NH2 reduced. In addition, only

one methyl group was available in m- and p-xylene and the methyl group could similarly inter-

act with the carboxylate groups in UiO-66-NH2, which made m- and p-xylene be co-eluted

from UiO-66-NH2 [35].

Fig 2. Effects of the proportion of MeOH/H2O on the retention times of SBs on UiO-66-NH2 packed

column (5 cm long, 4.6 mm i.d.).

https://doi.org/10.1371/journal.pone.0178513.g002
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3.2.4 NP-HPLC separation of EB and styrene on UiO-66-NH2. EB and styrene could be

separated on UiO-66-NH2 packed column. And the retention time of styrene was shorter than

EB. The retention order of EB and styrene on UiO-66-NH2 is opposite to that on UiO-66 [17]

(Fig 3). The preference of UiO-66 for styrene over EB was observed on other terephthalic

linked MOFs, such as MIL-47 and MIL-53 [36]. The less preference to styrene than EB of

UiO-66-NH2 might be ascribed to its geometry configuration [37]. Styrene had a smaller mole-

cule size (0.96×0.70×0.34 nm) than EB (0.95×0.67×0.53 nm), which enabled styrene to be easy

to escape from the trapping of the small pores of UiO-66-NH2. Therefore, it was expected that

the retention time of styrene on UiO-66-NH2 column was shorter than that of EB.

3.2.5 Evaluation of separation performance on UiO-66-NH2. The reproducibility and

selectivity of UiO-66-NH2 packed column for the NP-HPLC separation of SBs were evaluated

using two blends: benzene and toluene, and EB, styrene and o-xylene (Fig 3, S1 Fig, S1 and S2

Tables). The relative standard deviations (RSD) of retention time (tR), peak area, peak height,

and half peak width (W1/2) for five replicates ranged from 0.06 to 0.08%, 0.15 to 0.98%, 0.20 to

0.88%, and 0.17 to 0.40%, respectively. Therefore, it was concluded that the UiO-66-NH2

packed column gave good reproducibility for NP-HPLC separation of SBs. Also, it was found

that there was a linear increase of the chromatographic peak area and peak height with the

increase of mass of analytes (S2 Fig). However, the retention time and selectivity were inde-

pendent of the mass of analytes (S2 Table). Nonetheless, the column efficiency generally

decreased with the increase of analyte mass (S3 Fig).

Fig 3. NP-HPLC separations of SBs on UiO-66-NH2 packed column (5 cm long, 4.6 mm i.d.): (a) styrene, EB

and o-xylene; (b) benzene and toluene; (c) EB, m-, p- and o-xylene; (d) styrene, EB, m- and o-xylene.

Conditions: mobile phase, n-hexane/DCM with different ratios in each separation; flow rate, 1.0 mL�min-1; UV

detection at 210 nm; and column temperature 30˚C.

https://doi.org/10.1371/journal.pone.0178513.g003
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3.3 HPLC separation of SBs and PAHs on UiO-67

3.3.1 NP-HPLC separation of SBs on UiO-67. To evaluate the separation performance of

UiO-67 as stationary phase, one-component injected analysis of SBs using different ratios of

n-hexane/DCM (100:0, 95:5, 90:10, 85:15, 80:20, 70:30, 40:60, v/v) as mobile phases were inves-

tigated (S3 Table, S4 Fig). It was found that SB analytes almost coeluted within a short time

(approximately 0.6 to 2.2 min) and displayed the expected insensitivity of retention time to

mobile phase composition. On the contrary, the separations of SBs on UiO-66 packed column

were successful in terms of the reverse shape selectivity, size selectivity and stacking effect as

results of MOFs cages and van der Waals force [17]. The kinetic diameter of SBs (5.85–7.4 Å)

is comparable to the sizes of UiO-66 cavities (8 to 11 Å) [19]. Therefore, SB molecules could

enter the cavities of UiO-66 and interacted with cavity walls, resulting in an effective separa-

tion of SBs. However, the sizes of UiO-67 cavities (12 to 16 Å) are much bigger than the kinetic

diameters of SBs [38]. SB molecules could pass through the cavities of UiO-67 through diffu-

sion, enabling the equilibration and desorption of SBs on UiO-67 column to be easy and fast

[13]. Therefore, it is proposed that the cavity sizes of MOFs made great contribution to the

chromatographic separation of SBs.

3.3.2 NP-HPLC separation of PAHs on UiO-67. In order to further explore the roles of

pore size of UiO-66 analogues in chromatographic separation, NP-HPLC separation of large

molecule PAHs on UiO-67 column were studied. Several PAHs with different numbers of

rings, including naphthalene (two rings), fluorene, acenaphthene, anthracene and phenan-

threne (three rings), pyrene and chrysene (four rings) were used. Also, different ratios of n-

hexane/DCM were used as mobile phases. Based on the one-component injected experiments,

two PAH mixtures: (1) naphthalene, anthracene and chrysene; and (2) naphthalene, phenan-

threne and chrysene were used for NP-HPLC separation on the UiO-67 column.

The ratio of n-hexane/DCM showed significant effect on NP-HPLC separation of PAHs on

UiO-67 column (Fig 4). When n-hexane alone was used as mobile phase, the PAHs in both

Fig 4. Chromatograms of PAHs on UiO-67 packed column (5 cm long, 4.6 mm i.d.): (a) naphthalene,

anthracene, chrysene; (b) naphthalene, phenanthrene, chrysene. Conditions: mobile phase, n-hexane/DCM;

flow rate, 1.0 mL�min-1; UV detection at 210 nm; column temperature, 30˚C.

https://doi.org/10.1371/journal.pone.0178513.g004
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mixtures could generally be separated with long elution time needed and a poor peak pattern

observed. Addition of 5% DCM to n-hexane (n-hexane/DCM = 95:5) remarkably improved

the separation and baseline separations (R> 1.5) of PAHs in both mixtures, and the elution

time of PAHs became shorter compared to that using n-hexane alone as mobile phase. How-

ever, further increase of DCM in n-hexane/DCM mixtures would lead to inefficient separation

of PAHs, and even resulted in co-elution.

As shown in Fig 4, the retention order of PAHs on UiO-67 was as follows: PAHs with four

rings > PAHs with three rings > PAHs with two rings. The π-π interactions between PAHs

and aromatic framework walls of UiO-67 might be strong and dominantly important for the

separation of PAHs. The more rings PAHs have, the stronger interactions between PAHs and

the framework walls, which resulted in a longer retention time. It worth noting that inverse

retention orders of PAHs on UiO-66 column (5 cm long, 4.6 mm i.d.) have been reported:

PAHs with four rings < PAHs with three rings< PAHs with two rings [17]. This discrepancy

might be ascribed to the size-exclusion effect. When UiO-66 was used as stationary phase to

separate chrysene, fluorene and naphthalene, the PAHs with larger molecule sizes could be

more likely to be excluded from the pores of UiO-66 and hence be eluted in shorter time.

3.4 Thermodynamics of HPLC separation on UiO-66 analogues

Thermodynamics of HPLC separation of analytes on UiO-66-NH2 and UiO-67 were investi-

gated under different temperatures. The mixture of EB, styrene and o-xylene and the mixture

of benzene and toluene were separated on UiO-66-NH2 column with temperatures ranged

from 20˚C to 60˚C (S5 Fig), while the mixture of naphthalene, anthracene and chrysene and

the mixture of naphthalene, phenanthrene and chrysene were separated on UiO-67 column

with temperatures ranged from 20˚C to 40˚C (S6 Fig). As the column temperature increased,

the retention time of analytes on either UiO-66-NH2 or UiO-67 decreased, indicating the

involvement of the exothermic HPLC separation process. It is interesting that the selectivity of

analytes on UiO-66-NH2 column slightly decreased as the temperature increased (S4 Table).

However, the column temperature had no significant effect on the selectivity of analytes on

UiO-67 column (S5 Table).

The van0t Hoff equation was used to explain the relationship between retention factor k’

and column temperature [31]. A good linearity between lnk’ and 1/T suggested that there was

no change in the mechanism for the NP-HPLC separation of SBs on UiO-66-NH2 at the tem-

perature range of 20 to 60˚C (Fig 5). The thermodynamic parameters obtained from the van’t

Fig 5. Van’t Hoff plots for analytes separated on UiO-66-NH2 packed column: (a) EB, styrene, o-xylene; (b)

benzene and toluene. Conditions: mobile phase, n-hexane/DCM (97:3), flow rate, 1.0 mL�min-1; UV detection

at 210 nm.

https://doi.org/10.1371/journal.pone.0178513.g005
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Hoff equation for the transfer of analytes from mobile phase to the UiO-66-NH2 stationary

phase were summarized and presented in Table 1. The negative values of ΔG indicated that

the analytes transfer processes on UiO-66-NH2 were thermodynamically spontaneous. The

smaller negative values of ΔG indicate the more favorable transfer of the analytes from the

mobile phase to the stationary phase and thus the longer retention time on the stationary

phase. In addition, comparative analysis of ΔH and ΔS on different analytes showed that the

values of ΔH of different analytes were comparable but the values of ΔS varied considerably.

Thus, the NP-HPLC separations of these analytes on UiO-66-NH2 stationary phase were con-

trolled only by positive ΔS.

4. Conclusions

The performances of UiO-66-NH2 and UiO-67 packed columns for HPLC separation of

SBs and PAHs were evaluated in the present study. Parameters influencing HPLC separation,

such as mobile phase composition, analyte mass, and column temperature were determined.

Although not all analytes could be efficiently separated on UiO-66-NH2 column especially for

RP-HPLC separation, the efficient separation of EB, styrene and o-xylene is applicable, sug-

gesting a potential application of UiO-66-NH2 as stationary phase in NP-HPLC. To some

extent, UiO-67 can be effectively used as stationary phase in NP-HPLC separation of molecules

with relatively large diameter. Additionally, the functional groups and pore size of MOFs play

important roles in the separation of organics on the HPLC instrument coupling with MOFs

packed column.

Supporting information

S1 Fig. NP-HPLC chromatograms of styrene, EB, o-xylene, benzene and toluene on UiO-

66-NH2 packed column for five repeat separations.

(TIF)

S2 Fig. Effects of SBs mass on peak area and peak height.

(TIF)

S3 Fig. Effects of SBs mass on column efficiency.

(TIF)

S4 Fig. Chromatogram of SBs on UiO-67 packed column.

(TIF)

S5 Fig. Chromatographic separations of SBs on UiO-66-NH2 packed column at different

temperatures ranged from 20˚C to 60˚C.

(TIF)

S6 Fig. Chromatographic separations of PAHs on UiO-67 packed column.

(TIF)

Table 1. Values ofΔH,ΔS,ΔG and R2 for the NP-HPLC separation of SBs on UiO-66-NH2 packed column.

Analyte ΔH (kJ�mol-1) ΔS (J�mol-1�k-1) ΔG (kJ�mol-1) R2

benzene -2.81 ±0.21 5.39 ±0.68 -4.44 ± 0.21 0.97768

toluene -3.45 ±0.18 8.45 ±0.57 -6.01 ± 0.18 0.98953

EB -3.39 ±0.15 6.65 ±0.47 -5.41 ± 0.15 0.99248

styrene -4.35 ±0.19 8.82 ± 0.62 -7.02 ± 0.19 0.99223

o-xylene -4.77 ±0.13 13.43± 0.41 -8.84 ± 0.13 0.99716

https://doi.org/10.1371/journal.pone.0178513.t001
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1. Paz FAA, Klinowski J, Vilela SMF, Tomé JPC, Cavaleiro JAS, Rocha J. Ligand design for functional

metal-organic frameworks. Chem Soc Rev. 2012; 41:1088–1110. https://doi.org/10.1039/c1cs15055c

PMID: 21918788

2. Murray LJ, Dinc M, Long JR. Hydrogen storage in metal-organic frameworks. Chem Soc Rev. 2009;

38:1294–1314. https://doi.org/10.1039/b802256a PMID: 19384439

3. Makal TA, Li JR, Lu W, Zhou HC. Methane storage in advanced porous materials. Chem Soc Rev.

2012; 41:7761–7779. https://doi.org/10.1039/c2cs35251f PMID: 22990753

4. Li SL, Xu Q. Metal-organic frameworks as platforms for clean energy. Energy Environ Sci. 2013;

6:1656–1683.

5. Li JR, Sculley J, Zhou HC. Metal-organic frameworks for separations. Chem Soc Rev. 2012; 112:869–

932.

6. Zhao M, Ou S, Wu CD. Porous Metal-Organic Frameworks for heterogeneous biomimetic catalysis.

Acc Chem Res. 2014; 47:1199–1207. https://doi.org/10.1021/ar400265x PMID: 24499017

Separation of hydrocarbons on UiO-66 analogues packed columns in HPLC

PLOS ONE | https://doi.org/10.1371/journal.pone.0178513 June 5, 2017 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178513.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178513.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178513.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178513.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178513.s011
https://doi.org/10.1039/c1cs15055c
http://www.ncbi.nlm.nih.gov/pubmed/21918788
https://doi.org/10.1039/b802256a
http://www.ncbi.nlm.nih.gov/pubmed/19384439
https://doi.org/10.1039/c2cs35251f
http://www.ncbi.nlm.nih.gov/pubmed/22990753
https://doi.org/10.1021/ar400265x
http://www.ncbi.nlm.nih.gov/pubmed/24499017
https://doi.org/10.1371/journal.pone.0178513


7. Yang XL, Xie MH, Zou C, He Y, Chen B, O’Keeffe M, et al. Porous metalloporphyrinic frameworks con-

structed from metal 5, 10, 15, 20-tetrakis (3,5-biscarboxylphenyl) porphyrin for highly efficient and

selective catalytic oxidation of alkylbenzenes. J Am Chem Soc. 2012; 134:10638–10645. https://doi.

org/10.1021/ja303728c PMID: 22650149

8. Eddaoudi M, Kim J, Rosi N, Vodak D, Wachter J, O’Keeffe M, et al. Systematic design of pore size and

functionality in isoreticular MOFs and their application in methane storage. Science 2002; 295:469–

472. https://doi.org/10.1126/science.1067208 PMID: 11799235

9. Gu ZY, Jiang DQ, Wang HF, Cui XY, Yan XP. Adsorption and separation of xylene isomers and ethyl-

benzene on two Zn-terephthalate metal-organic frameworks. J Phys Chem C. 2010; 114:311–316.

10. Gu ZY, Yan XP. Metal-organic framework MIL-101 for high-resolution gas-chromatographic separation

of xylene isomers and ethylbenzene. Angew Chem Int Ed. 2010; 49:1477–1480.

11. Alaerts L, Kirschhock CEA, Maes M, van der Veen MA, Finsy V, Depla A, et al. Selective adsorption

and separation of xylene isomers and ethylbenzene with the microporous vanadium(IV) terephthalate

MIL-47. Angew Chem Int Ed. 2007; 46:4293–4297.

12. Chang N, Gu ZY, Yan XP. Zeolitic imidazolate framework-8 nanocrystal coated capillary for molecular

sieving of branched alkanes from linear alkanes along with high-resolution chromatographic separation

of linear alkanes. J Am Chem Soc. 2010; 132:13645–13647. https://doi.org/10.1021/ja1058229 PMID:

20843033

13. Ahmad R, Wong-Foy AG, Matzger AJ. Microporous coordination polymers as selective sorbents for liq-

uid chromatography. Langmuir. 2009; 25:11977–11979. https://doi.org/10.1021/la902276a PMID:

19754060

14. Chang N, Yan XP. Exploring reverse shape selectivity and molecular sieving effect of metal-organic

framework UiO-66 coated capillary column for gas chromatographic separation. J Chromatogr A. 2012;

1257:116–124. https://doi.org/10.1016/j.chroma.2012.07.097 PMID: 22920300

15. Kandiah M, Nilsen MH, Usseglio S, Jakobsen S, Olsbye U, Tilset M, et al. Synthesis and stability of

tagged UiO-66 Zr-MOFs. Chem Mater. 2010; 22:6632–6640.

16. Furukawa H, Cordova KE, O0Keeffe M, Yaghi OM. The chemistry and applications of metal-organic

frameworks. Science. 2013; 341:1230444. https://doi.org/10.1126/science.1230444 PMID: 23990564

17. Zhao WW, Zhang CY, Yan ZG, Bai LP, Wang XY, Huang HL et al. Separations of substituted benzenes

and polycyclic aromatic hydrocarbons using normal- and reverse-phase high performance liquid chro-

matography with UiO-66 as the stationary phase. J Chromatogr A. 2014; 1370:121–128. https://doi.

org/10.1016/j.chroma.2014.10.036 PMID: 25454136

18. Garibay SJ, Cohen SM. Isoreticular synthesis and modification of frameworks with the UiO-66 topology.

Chem Commun. 2010; 46:7700–7702.

19. Cavka JH, Jakobsen S, Olsbye U, Guillou N, Lamberti C, Bordiga S, et al. A new zirconium inorganic

building brick forming metal organic frameworks with exceptional stability. J Am Chem Soc. 2008;

130:13850–13851. https://doi.org/10.1021/ja8057953 PMID: 18817383

20. Shen LJ, Liang SJ, Wu WM, Liang RW, Wu L. Multifunctional NH2-mediated zirconium metal-organic

framework as an efficient visible-light-driven photocatalyst for selective oxidation of alcohols and reduc-

tion of aqueous Cr(VI). Dalton Trans. 2013; 42:13649–13657. https://doi.org/10.1039/c3dt51479j

PMID: 23903996

21. Long JL, Wang SB, Ding ZX, Wang SC, Zhou YG, Huang L et al. Amine-functionalized zirconium metal-

organic framework as efficient visible-light photocatalyst for aerobic organic transformations. Chem

Commun. 2012; 48:11656–11658.

22. Vermoortele F, Ameloot R, Vimont A, Serre C, De Vos D. An amino-modified Zr-terephthalate metal-

organic framework as an acid-base catalyst for cross-aldol condensation. Chem Coummn. 2011;

47:1521–1523.

23. Sun DR, Fu YH, Liu WJ, Ye L, Wang DK, Yang L et al. Studies on photocatalytic CO2 reduction over

NH2-UiO-66(Zr) and its derivatives: towards a better understanding of photocatalysis on metal-organic

frameworks. Chem Eur J. 2013; 19:14279–14285. https://doi.org/10.1002/chem.201301728 PMID:

24038375

24. Hasan Z, Tong M, Jung BK, Ahmed I, Zhong C. Adsorption of pyridine over amino-functionalized metal-

organic frameworks: attraction via hydrogen bonding versus base-base repulsion. J Phys Chem C.

2014; 118:21049–21056.

25. Ahmed I, Jhung SH. Effective adsorptive removal of indole from model fuel using a metal-organic frame-

work functionalized with amino groups. J Hazard Mater. 2015; 283:544–550. https://doi.org/10.1016/j.

jhazmat.2014.10.002 PMID: 25464294

26. Peterson GW, DeCoste JB, Fatollahi-Fard F, Britt DK. Engineering UiO-66-NH2 for toxic gas removal.

Ind Eng Chem Res. 2014; 53:701–707.

Separation of hydrocarbons on UiO-66 analogues packed columns in HPLC

PLOS ONE | https://doi.org/10.1371/journal.pone.0178513 June 5, 2017 12 / 13

https://doi.org/10.1021/ja303728c
https://doi.org/10.1021/ja303728c
http://www.ncbi.nlm.nih.gov/pubmed/22650149
https://doi.org/10.1126/science.1067208
http://www.ncbi.nlm.nih.gov/pubmed/11799235
https://doi.org/10.1021/ja1058229
http://www.ncbi.nlm.nih.gov/pubmed/20843033
https://doi.org/10.1021/la902276a
http://www.ncbi.nlm.nih.gov/pubmed/19754060
https://doi.org/10.1016/j.chroma.2012.07.097
http://www.ncbi.nlm.nih.gov/pubmed/22920300
https://doi.org/10.1126/science.1230444
http://www.ncbi.nlm.nih.gov/pubmed/23990564
https://doi.org/10.1016/j.chroma.2014.10.036
https://doi.org/10.1016/j.chroma.2014.10.036
http://www.ncbi.nlm.nih.gov/pubmed/25454136
https://doi.org/10.1021/ja8057953
http://www.ncbi.nlm.nih.gov/pubmed/18817383
https://doi.org/10.1039/c3dt51479j
http://www.ncbi.nlm.nih.gov/pubmed/23903996
https://doi.org/10.1002/chem.201301728
http://www.ncbi.nlm.nih.gov/pubmed/24038375
https://doi.org/10.1016/j.jhazmat.2014.10.002
https://doi.org/10.1016/j.jhazmat.2014.10.002
http://www.ncbi.nlm.nih.gov/pubmed/25464294
https://doi.org/10.1371/journal.pone.0178513


27. Cavka JH, Grande CA, Mondino G, Blom R. High pressure adsorption of CO2 and CH4 on Zr-MOFs. Ind

Eng Chem Res. 2014, 53:15500–15507.

28. Yang QY, Guillerm V, Ragon F, Wiersum AD, Llewellyn PL, Zhong CL et al. CH4 storage and CO2 cap-

ture in highly porous zirconium oxide based metal-organic frameworks. Chem Commun. 2012;

48:9831–9833.

29. Wang B, Huang HL, Lv XL, Xie YB, Li M, Li JR. Tuning CO2 selective adsorption over N2 and CH4 in

UiO-67 analogues through ligand functionalization. Inorg Chem. 2014; 53:9254–9259. https://doi.org/

10.1021/ic5013473 PMID: 25116469

30. Zhang WJ, Huang HL, Zhong CL, Liu DH. Cooperative effect of temperature and linker functionality on

CO2 capture from industrial gas mixtures in metal-organic frameworks: a combined experimental and

molecular simulation study. Phys Chem Chem Phys. 2012; 14:2317–2325. https://doi.org/10.1039/

c2cp23839j PMID: 22241397

31. Yang CX, Liu SS, Wang HF, Wang SW, Yan XP. High-performance liquid chromatographic separation

of position isomersusing metal-organic framework MIL-53(Al) as the stationary phase. Analyst. 2012;

137:133–139. https://doi.org/10.1039/c1an15600d PMID: 22034617

32. Schoenecker PM, Carson CG, Jasuja H, Flemming CJJ, Walton KS. Effect of water adsorption on

retention of structure and surface area of metal-organic frameworks. Ind Eng Chem Res. 2012;

51:6513–6519.

33. Yang CX, Yan XP. Metal-organic framework MIL-101(Cr) for high-performance liquid chromatographic

separation of substituted aromatics. Anal Chem. 2011; 83:7144–7150. https://doi.org/10.1021/

ac201517c PMID: 21809852

34. Alaerts L, Maes M, van der Veen MA, Jacobs PA, De Vos DE. Metal-organic frameworks as high-poten-

tial adsorbents for liquid-phase separations of olefins, alkylnaphthalenes and dichlorobenzenes. Phys

Chem Chem Phys. 2009; 11:2903–2911. https://doi.org/10.1039/b823233d PMID: 19421505

35. Alaerts L, Maes M, Giebeler L, Jacobs PA, Martens JA, Denayer JFM, et al. Selective adsorption and

separation of ortho-substituted alkylaromatics with the microporous aluminum terephthalate MIL-53. J

Am Chem Soc. 2008; 130:14170–14178. https://doi.org/10.1021/ja802761z PMID: 18826226

36. Maes M, Vermoortele F, Alaerts L, Couck S, Kirschhock CEA, Denayer JFM, et al. Separation of sty-

rene and ethylbenzene on metal-organic frameworks: analogous structures with different adsorption

mechanisms. J Am Chem Soc. 2010; 132:15277–15285. https://doi.org/10.1021/ja106142x PMID:

20942418

37. Torres-Knoop A, Heinen J, Krishna R, Dubbeldam D. Entropic separation of styrene/ethylbenzene mix-

tures by exploitation of subtle differences in molecular configurations in ordered crystalline nanoporous

adsorbents. Langmuir. 2015; 31:3771–3778. https://doi.org/10.1021/acs.langmuir.5b00363 PMID:

25764506

38. Chavan S, Vitillo JG, Gianolio D, Zavorotynska O, Civalleri B, Jakobsen S, et al. H2 storage in isostruc-

tural UiO-67 and UiO-66 MOFs. Phys Chem Chem Phys. 2012; 14:1614–1626. https://doi.org/10.

1039/c1cp23434j PMID: 22187720

Separation of hydrocarbons on UiO-66 analogues packed columns in HPLC

PLOS ONE | https://doi.org/10.1371/journal.pone.0178513 June 5, 2017 13 / 13

https://doi.org/10.1021/ic5013473
https://doi.org/10.1021/ic5013473
http://www.ncbi.nlm.nih.gov/pubmed/25116469
https://doi.org/10.1039/c2cp23839j
https://doi.org/10.1039/c2cp23839j
http://www.ncbi.nlm.nih.gov/pubmed/22241397
https://doi.org/10.1039/c1an15600d
http://www.ncbi.nlm.nih.gov/pubmed/22034617
https://doi.org/10.1021/ac201517c
https://doi.org/10.1021/ac201517c
http://www.ncbi.nlm.nih.gov/pubmed/21809852
https://doi.org/10.1039/b823233d
http://www.ncbi.nlm.nih.gov/pubmed/19421505
https://doi.org/10.1021/ja802761z
http://www.ncbi.nlm.nih.gov/pubmed/18826226
https://doi.org/10.1021/ja106142x
http://www.ncbi.nlm.nih.gov/pubmed/20942418
https://doi.org/10.1021/acs.langmuir.5b00363
http://www.ncbi.nlm.nih.gov/pubmed/25764506
https://doi.org/10.1039/c1cp23434j
https://doi.org/10.1039/c1cp23434j
http://www.ncbi.nlm.nih.gov/pubmed/22187720
https://doi.org/10.1371/journal.pone.0178513

