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a b s t r a c t 

This work applies the concepts of green chemistry, where polyethylene terephthalate (PET) bottles were 

used as the acid-dicarboxylic linker source for the synthesis of MIL-53(Al) metal organic frameworks 

(MOFs) and then used as a stationary phase for the separation of various solutes and compared with 

MIL-53(Al) synthesized from traditional terephthalic acid. Both synthesized MIL-53(Al) MOFs were char- 

acterized by scanning electron microscopy (SEM), FT-IR, X-ray diffraction (XRD), thermogravimetric analy- 

sis (TGA), and specific surface area analysis. Eight groups of standard analytes in addition to real samples 

were tested to evaluate the separation performance of the MIL-53(Al) packed columns in HPLC under 

various chromatographic conditions. Based on elution order of the studied compounds and the effects of 

mobile phase composition, the working mechanism was reversed phase mode in the presence of size- 

exclusion effects for large molecules, which exceeded the dynamic diameter of MIL-53(Al) (~7.6 Å). The 

effects of stationary phase sieving, mobile phase flow rate and composition, injected sample mass, and 

temperature were investigated relative to the chromatographic behavior of MIL-53(Al). MIL-53(Al) par- 

ticle sieving before packing reduced peak broadening and significantly enhanced the chromatographic 

performance of the prepared columns up to 2.26 times relative to the number of theoretical plates. The 

MIL-53(Al) packed columns offered high-resolution separation for all studied mixtures with R s > 2 and 

good stability and long-term durability. At optimal conditions, the prepared columns exhibited efficiencies 

between 560 0 −6320 0 plates m 

−1 . Higher efficiencies were observed for alkylbenzenes and polyaromatic 

hydrocarbons as the organic linker in the MIL-53(Al) structure, which improved retention and separation 

of aromatics through π–π interactions. Thermodynamic parameters including �H , �S , and �G for the 

transfer of analyte from the mobile phase to the MIL-53(Al) stationary phase were studied. Compared 

with previously cited MOFs packed columns, the present MIL-53(Al) columns gave comparable selectiv- 

ity and much better efficiency for most of the studied chemicals at optimum conditions, indicating the 

feasibility of MIL-53(Al) as a stationary phase for HPLC applications. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Over the last two decades, metal-organic frameworks (MOFs) 

ave attracted great attention from researchers working in various 

elds of sciences such as physics, chemistry, engineering, material 

cience, and others. MOFs are a class of porous solid materials con- 

tructed from inorganic metal ions and organic functional linkers 

 1 , 2 ]. The interesting physical and chemical properties, along with 

he pore topologies of MOF structures, provide tremendous diver- 
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ity, and the ability to rationally tune the end products, leading to 

 wide range of promising applications in gas storage [3] , separa- 

ion [4] , catalysis [5] , sample preparation [6] , chemical sensing [7] ,

iomedicine [8] , drug delivery [9] , food safety [10] , imaging [11] ,

ater harvesting [12] , and so on [ 1 , 13 ]. 

Due to the advantageous properties of MOFs, such as large 

urface area, uniform, and tunable pore size, high thermal sta- 

ility, and semi-organic pore walls, MOFs have been regarded as 

deal materials to be used as adsorbents and stationary phases 

n chromatography [ 4 , 14–19 ]. Several classical MOFs, such as 

KUST-1, MOF-5, DUT-67(Zr), MIL-53(Al/Fe), MIL-125(Ti), MIL- 

7(V), MIL-100(Fe), MIL-101(Cr), ZIF-8, and UiO-66(Zr) have been 

https://doi.org/10.1016/j.chroma.2020.461857
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2020.461857&domain=pdf
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A. Aqel, N. Alkatheri, A. Ghfar et al. Journal of Chromatography A 1638 (2021) 461857 

u

c

u

a

h

p

e

m

w

[

o

i

p

m

o

a

m

w

c

s

o

a

o

e

a

a

r

u

e

r

c

c

s

o

i

a  

I

a

s

t

t

t

c

i

o

d

i

b

[

r

r

T

p

t

e

d

c

m

t

w

a

P

f

U  

t

o

a

c

r

s

a

w

X

c

l

g

f

c

t

p

j

s

m

f

p

t

a

2

2

a

n

x

l

t

a

t

A

a

f

a

t

(

fi

t

(

b

2

t

5

5

L  

m

(

t  

a

w

i

t

i

M

sed as stationary phases for HPLC separation to analyze chemical 

ompounds [14–19] . The major drawbacks of traditional MOFs 

sed as stationary phases in liquid chromatography applications 

re the low column efficiency, noticeable peak broadening, and 

igh pressure drops due to the significant variation in most MOF 

article sizes and their irregular, non-spherical shapes [15] . How- 

ver, to enhance the chromatographic performance of MOFs-based 

aterials, some groups have tried to prepare MOF-composites 

ith silica [20] , organic polymer monoliths [21] , or graphene 

22] . In all reports, MOFs were either physically incorporated 

r chemically linked to the added materials to provide further 

nteractions to the composite material and improve separation 

erformance [14–22] . These composites were applied as stationary 

edia, combining the preferred properties of both materials into 

ne to increase the separation ability of the MOFs. Herein, we took 

dvantage of sieving the prepared materials as a simple and cheap 

ethod to obtain a much narrower particle size range, which 

as able to improve the stationary phase distribution inside the 

olumn and enhance the efficiency of the packed columns. 

Plenty of porous coordination networks have been prepared via 

everal techniques, but the hydrothermal/solvothermal approach is 

ne of the most popular methods for the synthesis of MOF materi- 

ls [23] . Traditionally, MOF materials are prepared by the reaction 

f metal ions with commercially available or presynthesized link- 

rs. Via careful selection of their constituents, MOFs can meet the 

ttributes necessary for successful separations. As a good station- 

ry phase, the material should have an adequate surface area, as 

equired for analyte retention and suitable separation, as well as 

niform particle size and shape which help to reduce peak broad- 

ning and enhance column efficiency. Also, this candidate mate- 

ial should have excellent chemical stability and a high mechani- 

al resistance. However, the diversity of organic linkers and metal 

enters, and the availability of various synthesis and modification 

trategies open up a wide array of possibilities for the preparation 

f MOFs suitable for the separation of a wide range of samples. 

The MIL- n family (MIL; stands for Material Institute Lavoisier) 

s a subclass of MOFs associated with Férey’s group [24] . Gener- 

lly, MILs are based on a trivalent cation, such as Al 3 + , Fe 3 + , Ga 3 + ,
n 

3 + , or Cr 3 + , and an organic ligand of di-, tri-, or tetracarboxylic 

cid that can form linear diamond-shaped networks. Due to high 

urface area, good chemical and water stability, remarkable adsorp- 

ion affinities, and the presence of uniform pores that allow for 

he inclusion of small molecules, MIL-53 type MOFs are one of 

he most promising as adsorbents or stationary phases for liquid 

hromatography [ 4 , 14–22 ]. MIL-53(Al) was first prepared by mix- 

ng aluminum nitrate and terephthalic acid (TPA) in the presence 

f water at 220 °C for 72 h [25] . 

Today, materials chemistry and analytical techniques tend to 

evelop green and cheaper approaches to reduce costs and min- 

mize environmental impacts. Polyethylene terephthalate (PET) has 

een widely used in food and beverage packaging since the 1960s 

26] . PET is a clear and lightweight polymer with good chemical 

esistance and mechanical strength and high gas and odor bar- 

ier properties. PET is commonly prepared by the esterification of 

PA and ethylene glycol; it is mainly used to manufacture trans- 

arent plastic bottles around the globe [27] . Increased consump- 

ion of PET, and hence, increased PET waste, has caused serious 

nvironmental problems due to the polymer’s high resistance to 

egradation [28] . However, valuable amounts of high purity TPA 

an be recycled from PET bottle waste [28–30] . Since TPA is the 

ain starting compound for the synthesis of several types of MOFs, 

he development of a successful method to extract TPA from PET 

aste would offer an environmentally and economically attractive 

pproach to produce a value-added material by recycling waste 

ET. Based on a similar strategy, other MOFs have been success- 

ully prepared, such as MIL-101(Cr), MIL-47, MIL-53(Cr, Al, Ga), and 
2 
iO-66(Zr) [ 28 , 30 , 31 ]. To the best of our knowledge, no studies on

he application of such a scenario have been attempted in the field 

f chromatography and even adsorption so far. 

Herein, the present work aims to use PET waste material as 

 source of TPA for the preparation of MIL-53(Al) as a way to 

ontribute to green chemistry concepts. This value-added mate- 

ial was then used as a stationary phase in HPLC. For compari- 

on with the prepared MOF, MIL-53(Al) was also synthesized from 

 commercial TPA reagent. Both synthesized MIL-53(Al) materials 

ere characterized by scanning electron microscopy (SEM), FT-IR, 

-ray diffraction (XRD), thermogravimetric analysis (TGA), and spe- 

ific surface area analysis. Eight groups of analytes containing po- 

ar, neutral, non-polar, acidic, and basic compounds, in addition to 

reen tea water extract, were tested to evaluate the separation per- 

ormance of the MIL-53(Al) packed column in HPLC, under various 

hromatographic conditions. The separation mechanism on the sta- 

ionary phase was also investigated. The influence of the stationary 

hase particle size, mobile phase composition and flow rate, in- 

ected sample mass, and temperature were also explored with re- 

pect to the chromatographic behavior of MIL-53(Al). Several ther- 

odynamic parameters including �H , �S , and �G for the trans- 

er of analyte from the mobile phase to the MIL-53(Al) stationary 

hase were also studied. Finally, the main findings were compared 

o other previous reports in terms of chromatographic parameters 

nd separation performance. 

. Experimental 

.1. Chemicals and reagents 

Aluminum nitrate nonahydrate, TPA, hydrofluoric acid, formic 

cid, ethanol, benzene, toluene, n -ethylbenzene, n -propylbenzene, 

 -butylbenzene, n -pentylbenzene, 1-phenylhexane, m -xylene, p - 

ylene, o -xylene, mesitylene, naphthalene, indene, acenaphthy- 

ene, fluorene, anthracene, phenanthrene, pyrene, chrysene, bu- 

yrophenone, acetophenone, phenol, resorcinol, phloroglucinol, 4- 

minophenol, 4-chlorophenol, 4-nitrophenol, p -cresol, 2-naphthol, 

heobromine, theophylline, and caffeine were purchased from 

cros Organics (Morris County, NJ, USA), BDH (Lutterworth, UK), 

nd Sigma-Aldrich (St. Louis, MO, USA). PET bottles were collected 

rom local waste. HPLC grade acetonitrile (ACN) and acetone were 

cquired from Fisher Scientific (Leicestershire, UK). Ultrapure wa- 

er was prepared using a Millipore Elix Advantage, Milli-Q system 

Molsheim, France), and then filtered on 0.20 μm nylon membrane 

lters from Whatman (Maidstone, UK). A green tea sample was ob- 

ained from a local supermarket (Riyadh, Saudi Arabia) as a powder 

tea bag; 2.0 g) and stored in vacuum packaging at a temperature 

elow 0 °C. 

.2. Synthesis of MIL-53(Al) 

Using our green approach, the PET bottle material was used as 

he starting precursor, instead of TPA, for the synthesis of MIL- 

3(Al). Waste PET water bottles were cut into small pieces. MIL- 

3(Al) was synthesized according to the procedure described by 

o et al. [31] . In a typical procedure, Al(NO 3 ) 3 •9H 2 O (375 mg, 1.0

mol) and PET flakes (192 mg) were mixed with ultrapure water 

4.0 mL, 222 mmol) in a Teflon-lined stainless-steel autoclave reac- 

or, then placed in an oven and heated at 160 °C for 72 hours. The

utoclave was cooled to room temperature, the resulting mixture 

as filtered, and the unreacted PET was removed by hand pick- 

ng and solid filtration. The final product was washed with wa- 

er and dried in a vacuum oven at 100 °C overnight prior to pack- 

ng. This procedure was repeated to collect the desired quantity of 

IL-53(Al) powders. The schematic representation of the synthetic 
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Fig. 1. Representation of the synthesis procedure and the porous framework structural representation of MIL-53(Al). The obtained MIL-53(Al) powder, the suspension of 

MOF powders in ethanol, and photograph of the prepared column. 
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rocedure, the structural framework representation, and the ob- 

ained gray crystalline powder of MIL-53(Al) are shown in Fig. 1 . 

For comparison, MIL-53(Al) was also synthesized from commer- 

ial TPA (Sigma-Aldrich) according to a method suggested in a pre- 

ious study performed by Loiseau et al. [25] as follows: 1.30 g of 

l(NO 3 ) 3 •9H 2 O and 0.288 g of TPA were mixed in a Teflon-lined

tainless-steel autoclave with 5.0 mL water, and then placed in an 

ven and heated at 220 °C for 72 hours. The autoclave was cooled 

o room temperature; the product was filtered, washed with water, 

nd dried in a vacuum oven at 100 °C overnight prior to packing. 

.3. Columns preparation 

To obtain a uniform particle size range of solid packing used as 

tationary phase, the synthesized MIL-53(Al) was sieved between 

 μm (sieve no. L3-M5) and 10 μm (sieve no. L3-M10) sieves us- 

ng an Advantech Sonic Sifter Separator L3P-25 (New Berlin, WI, 

SA). 1.5 g of the sieved powders were ultrasonically dispersed in 

 suitable vessel ( Fig. 1 ) with 25 mL of absolute ethanol for 10 min.

he suspension was slurry packed into stainless-steel columns (50, 

00, and 150 mm long × 4.6 mm i.d.) and subjected to 50 0 0 psi

about 34.5 MPa) pressure for 30 min using a Restek packing sta- 

ion (Bellefonte, PA, USA). Stainless-steel frits with a pore size of 

.5 μm were placed at both ends to ensure MIL-53(Al) stayed in 

he column. The prepared columns were conditioned with HPLC 

rade ACN at a flow rate of 0.10 mL min 

−1 for 3 h before chro-

atographic experiments. 

.4. Instrumentation and columns characterization 

All chromatographic experiments were carried out using a Shi- 

adzu (Kyoto, Japan) HPLC system consisting of a LC-20AD qua- 

ernary pump, a SIL-20A auto sampler, a CTO-20A column oven, a 

PD-M20A diode array detector, and a DGU-20A5R degasser. Shi- 

adzu’s LC Lab Solution software was used to control the system 

nd acquire and process chromatographic data. 

SEM images of the synthesized MIL-53(Al) were obtained using 

 Jeol JSM-7500F (Tokyo, Japan) scanning electron microscope at 
3 
0 kV. The Fourier transform infrared spectroscopy (FT-IR) spectra 

f the prepared MOFs were recorded on a Thermo Nicolet 6700 

T-IR spectrophotometer (Madison, WI, USA). MOF materials were 

ixed with KBr, and the spectra were measured in the range of 

0 0–40 0 0 cm 

−1 . The XRD patterns were recorded at room temper- 

ture with a Bruker D2 Phaser with XFlash detector (Madison, WI, 

SA) using CuK α radiation ( λ = 1.5418 Å) in a range of 2 θ = 5–

0 °. Thermal stabilities of MOFs were measured using TGA with 

 Mettler-Toledo TGA/DSC Stare system (Schwerzenbach, Switzer- 

and). The samples were heated from room temperature to 1100 °C 

t a ramp rate of 10 °C min 

−1 . The Brunauer-Emmett-Teller (BET) 

echnique was used to obtain the surface area of the prepared 

OFs using a Gemini VII 2390 Micromeritics surface area analyzer 

Norcross, GA, USA) at 77 K. The synthesized MOFs were ground 

nd degassed at 200 °C before data acquisition. 

.5. Chromatographic and thermodynamic parameters 

To investigate the efficiency of the prepared columns, a wide 

ange of standard compounds were tested as model solutes: alkyl- 

enzenes, PAHs, ketones, phenols, xylenes, and methylxanthines. 

he effects of the analyte mass, mobile phase flow rate, column 

emperature, and composition of the mobile phase were evaluated. 

arious chromatographic parameters including retention time ( t R ), 

idth at half peak ( w 0.5 ), number of theoretical plates ( N ), reten-

ion factor ( k ), selectivity factor ( α), resolution between neighbor- 

ng peaks ( R s ), and asymmetry factor ( A s ) were studied in all cases.

he injection volume was fixed at 5 μL. 

The enthalpy change ( �H ), entropy change ( �S ), and Gibbs free 

nergy change ( �G ) for the analyte transfer from the mobile phase 

o the MIL-53(Al) stationary phase were calculated from the van’t 

off and Gibbs free energy equations [ 32 , 33 ]: 

n k = 

−�H 

RT 
+ 

�S 

R 

ln � (1) 

G = �H − T �S (2) 
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here R is the ideal gas constant (8.314 J mol −1 K 

−1 ), T is the ab-

olute temperature, and � is the phase ratio. The void time ( t 0 ) of

he columns used for k value calculation was determined by inject- 

ng a small amount of ACN and recording the repeatable perturba- 

ion signal. 

. Results and discussion 

.1. Characterization of the synthesized MIL-53(Al) 

MIL-53(Al) was obtained by heating a mixture of 375 mg of 

l(NO 3 ) 3 •9H 2 O, 192 mg of a waste PET bottle, and 4.0 mL of wa-

er. In this green preparation approach, waste PET water bottles 

ere recycled and used as the ligand source instead of the pure 

PA. The weakest chemical bond in the PET chain is the ester link 

C–O bond). Therefore, less energy is needed to break this bond 

nd thus, PET depolymerization mostly occurs by breaking this 

ond [ 34 , 35 ], and TPA and ethylene glycol are produced. After 

ooling the reaction vessel, the obtained yellowish gray crystalline 

owder was collected, as shown in Fig. 1 . Since the particles of 

n-reacted amorphous PET had relatively larger sizes than that of 

rystalline MIL-53(Al) powder, the two solid phases were easily 

eparated by hand picking and solid filtration. The yield of this re- 

ction did not exceed 44% relative to MIL-53(Al) (based on the un- 

eacted PET). Doubling the amounts of starting materials did not 

rovide a higher amount of product; however, the procedure was 

epeated to collect the desired quantity of MOFs. 

After synthesis and purification, the synthesized MIL-53(Al) was 

haracterized by SEM ( Figs. 2 A & 2 B), FT-IR ( Figs. 2 C & 2 D), XRD

 Figs. 2 E & 2 F), TGA ( Figs. 2 G & 2 H), and specific surface area anal-

sis. Comparatively, MIL-53(Al) prepared using TPA was also sub- 

ected to the same investigations. The morphology of MIL-53(Al) 

repared by the green approach ( Fig. 2 A) and the regular pro- 

edure ( Fig. 2 B) were compared with SEM micrographs. The ob- 

ained results indicate that MIL-53(Al) has irregular shapes with 

 broad particle size distribution in the range 2.17–26.8 μm for 

IL-53(Al) prepared by both methods. These results are compara- 

le to those previously cited in literature [ 31 , 36 ]. The FT-IR spectra

f MIL-53(Al) prepared by the green method ( Fig. 2 C) and regular 

pproach ( Fig. 2 D) were recorded at room temperature in the re- 

ion of 40 0–40 0 0 cm 

−1 . Peaks in the region of 140 0–170 0 cm 

−1 

llustrate the coordination between the O–C = O carboxylate group 

nd Al 3 + cation. The strong band at 1580 cm 

−1 can be assigned 

o the asymmetric stretching of carboxylate groups, whereas the 

ands at 1445 and 1417 cm 

−1 correspond to the symmetric stretch- 

ng of carboxylate groups. The sharp band at 1508 cm 

−1 corre- 

ponds to the C–C ring vibrations. An additional weak absorption 

eak in the 1697 cm 

−1 region could be attributed to the stretch- 

ng vibration of unreacted –COOH groups located within the pores. 

he low wavenumber vibrations at 468 and 587 cm 

−1 are due to 

he existence of the Al–O band in MIL-53(Al) [ 37 , 38 ]. A low inten-

ity band at about 3434 cm 

−1 corresponds to bridging OH groups, 

hile the band at 984 cm 

−1 is due to the deformation modes of 

hese bridging hydroxyl groups. As observed in the FTIR spectra, 

he synthesized MIL-53(Al) from PET water bottles showed a simi- 

ar characteristic profile to that of MIL-53(Al) prepared by the reg- 

lar method, both in accordance with literature [ 25 , 37–39 ]. 

The XRD spectra for MIL-53(Al) prepared from PET water bot- 

les and commercial TPA are presented in Figs. 2 E & 2 F, re-

pectively. As shown in the figures, there is good agreement be- 

ween both patterns, which also agrees with literature reports 

 31 , 39–41 ]. The characteristic signals positioned at 2 θ = 8.6 °,
0.3 °, 12.4 °, 14.3 °, 15.2 °, 17.8 °, 20.4 °, 25.2 °, and 26.9 ° indicate that

he MIL-53(Al) crystal structure was successfully synthesized. The 

harp XRD peaks between 10 to 40 degrees in both samples in- 

icate the formation of highly and comparable crystallized struc- 
4 
ures. The thermal stability of the prepared MOFs was evaluated 

rom room temperature to 10 0 0 °C, as demonstrated in Fig. 2 G

MOF made from PET water bottles) and Fig. 2 H (MOF prepared 

rom commercial TPA). Both figures show that the thermal be- 

avior of MIL-53(Al) is characterized by four weight loss regions. 

he initial weight loss between 25–100 °C was assigned to the loss 

f water molecules from the pores. The gradual weight loss be- 

ond 100 °C and up to 500 °C may be due to the departure of

he free disordered acid. The MIL-53(Al) framework starts to de- 

ompose around 500 °C; this corresponds to the elimination of 

he TPA linker from the framework. Above 640 °C, MIL-53(Al) is 

ransformed into amorphous Al 2 O 3 . This observed high decompo- 

ition temperature suggests that MIL-53(Al) has a robust structure. 

GA profiles for MIL-53(Al) materials synthesized by both meth- 

ds are quite similar and comparable to those reported in previ- 

us works [ 25 , 39 , 40 , 42 ]. Further interesting characteristics of the

repared MOFs were revealed by surface area analysis using the 

ET technique. The specific surface area of MIL-53(Al) synthesized 

rom PET water bottles and commercial TPA MIL-53(Al) were 952 

nd 1141 m 

2 g −1 respectively. The large specific surface area of 

he final product can provide more interaction sites and contact 

reas; this feature confirms the attractive and promising applica- 

ions of this material as a stationary phase. The measured BET sur- 

ace area values were comparable to previously reported results 

 25 , 36 , 39 , 40 , 42 ]. 

.2. Column preparation and evaluation 

Several research groups have described the preparation of var- 

ous MOFs and their applications as the stationary phase in HPLC 

 32 , 33 , 43–63 ]. However, the low efficiency of the columns packed

ith MOFs could likely result from their wide range of parti- 

le sizes and irregular shapes. In the present work, to maintain 

niform stationary phase packing, more consistent shapes, and a 

arrow particle size distribution inside the column, the synthe- 

ized MIL-53(Al) powders were sieved prior to packing into the 

olumns. The sieving process was conducted in a nominal range 

etween 5 and 10 μm. 1.5 g of the collected MOFs were dis- 

ersed by sonication in 25 mL ethanol for 10 min. The fine powder 

as well suspended and stable in ethanol, as displayed in Fig. 1 . 

hile maintaining a stable suspension, the mixture was immedi- 

tely poured into empty stainless-steel columns (50, 100, and 150 

m long × 4.6 mm i.d.) and packed under 50 0 0 psi (about 34.5 

Pa) for 30 min. Fig. 1 shows a photograph of one of the prepared

olumns packed with MIL-53(Al). Prior to their evaluation and ap- 

lication, the packed columns were conditioned with ACN at a flow 

ate of 0.1 mL min 

−1 until a constant column backpressure was ob- 

erved. 

To explore the effects of MIL-53(Al) sieving on column perfor- 

ance, a comparative study was performed between two columns: 

ne packed with MIL-53(Al) as synthesized, and the other af- 

er stationary phase sieving. For this purpose, both columns were 

ushed to their optimum performance for separation of a xylenes 

ixture. The effect of sieving on the chromatographic behavior of 

he MIL-53(Al) stationary phase is demonstrated in the Support- 

ng Information (Table S1 and Figs. S1 & S2). While the selectivity 

actors of the analytes on the two columns were almost the same, 

ll other chromatographic parameters were obviously improved af- 

er the sieving process, as presented in Table S1. The shape of 

he peaks was also affected; the peak width and asymmetry were 

learly reduced after MIL-53(Al) particle sieving, as shown in Fig. 

1. As a result, higher separation quality and chromatographic res- 

lution were obtained with the column packed with sieved mate- 

ial. The enhancement in the separation efficiency was more than 

.47 times in terms of the number of theoretical plates. Fig. S2A 

hows the van Deemter plots for p -xylene on MIL-53(Al) columns 
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Fig. 2. Characterization of synthesized MIL-53(Al). SEM images of MIL-53(Al) prepared by green approach (A) and by regular approach (B). FT-IR spectra of MIL-53(Al) 

prepared by green approach (C) and by regular approach (D). XRD patterns of MIL-53(Al) powders prepared by green approach (E) and by regular approach (F). TGA curves 

of the synthesized MIL-53(Al) prepared by green approach (G) and by regular approach (H). 

5 
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Fig. 3. (A) Pressure drop versus flow rate curves of H 2 O and ACN as eluents at column temperature 30 °C for MIL-53(Al) 100 mm long column prepared from PET water 

bottles. (B) Pressure drop versus column temperature curves of H 2 O and ACN as eluents at a constant flow rate of 0.30 mL min −1 for MIL-53(Al) 100 mm long column 

prepared from PET water bottles. (C) Graph illustrating plots of pressure drop versus operation days as H 2 O and ACN passed through the MIL-53(Al) 100 mm long column 

at 0.30 mL min −1 flow rate. (D) Van Deemter plots for some of the studied alkylbenzenes. 
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efore and after sieving. The best efficiency values obtained for p - 

ylene on MIL-53(Al) columns were 3100 plates m 

−1 at 0.30 mL 

in 

−1 and 70 0 0 plates m 

−1 at 0.35 mL min 

−1 , before and after

ieving, respectively, which showed a 2.26x increase. On the other 

and, the backpressure of the packed column increased by about 

.27% ± 0.03% after sieving due to the lower column permeabil- 

ty and narrower particle size distribution (Fig. S2B). In brief, MIL- 

3(Al) sieving before packing significantly enhanced the chromato- 

raphic performance of the prepared columns. 

The stability of the stationary phase is crucial in any HPLC 

pplication. The stability of the prepared MIL-53(Al) was investi- 

ated in terms of common chromatographic solvents, mobile phase 

ow rate, pressure, column temperature, operation time, and sep- 

ration repeatability for replicate injections. ACN and H 2 O were 

luted through the columns to measure the backpressure at differ- 

nt flow rates ranging from 0.05 to 0.70 mL min 

−1 . Fig. 3 A shows

he relationship between solvent flow rate and column backpres- 

ure. In all cases, the backpressure of the column did not exceed 

0 0 0 psi (20.7 MPa), which is useful in extending the lifetime of 

he separation column. As expected, the columns exhibited higher 

ressure values for water according to the solvent viscosity. On 

he other hand, the pressure drops of the prepared columns lin- 

arly increased over the applied flow rate ranges at a constant col- 

mn temperature. This linear dependence with regression factors 

reater than 0.9997 indicate good mechanical stability and perme- 

bility for the prepared MIL-53(Al) columns. Further investigation 

egarding the MIL-53(Al) column stability was carried out with re- 

pect to temperature. Fig. 3 B reveals that column pressure linearly 

ecreased over a temperature range of 30 to 70 °C using ACN and 

 2 O as eluents at a fixed flow rate of 0.30 mL min 

−1 . The back-

ressure of the column decreased from 438 to 315 psi for ACN, 

nd from 1034 to 765 psi for H O, corresponding to about 15 ±
2 b

6 
 psi and 33 ± 5 psi per 5 o increase, for these two solvents, re- 

pectively. The decrease in observed pressure is consistent with 

he eluent viscosity reduction. The stability of column backpressure 

gainst flow rate was also evaluated over eight successive days. The 

urves in Fig. 3 C display an excellent stability of column backpres- 

ure ( ±9 psi) over the operating days at 0.30 mL min 

−1 flow rate,

s ACN and H 2 O passed through the MIL-53(Al) column at 30 °C. In

onclusion, the synthesized stationary phase and prepared packed 

olumns did not show significant stability defects resulting from 

leeding of the stationary phase or breathing effects of MIL-53(Al) 

nder the applied chromatographic conditions of mobile phase sol- 

ents (ACN/H 2 O), flow rate (0.05–0.70 mL min 

−1 ), column back- 

ressure (up to 30 0 0 psi), and temperature (25–70 °C). 

.3. Chromatographic mode and the effect of mobile phase 

omposition 

To elucidate the separation mechanism of MIL-53(Al) columns, 

 variety of analytes including polar, neutral, non-polar, acidic, and 

asic compounds, were used as model molecules. High-resolution 

eparation of these compounds was achieved on the prepared 

olumns at optimal chromatographic conditions ( Figs. 4 , 5 , & 6 ).

he elution order of most tested solutes indicated a RP-HPLC re- 

ention mechanism as on the C 18 column from the most to the 

east polar analytes. The xylene mixture ( Fig. 4 A) was the most 

mportant exception. As in NP mode, MIL-53(Al) showed a pref- 

rence for the retention of o -xylene isomer even under RP mode 

onditions. The stronger retention of o -xylene could be explained 

y the interaction of this highest polarity isomer with the carboxyl 

nd hydroxyl moieties of the MIL-53 framework, which is not pre- 

ominant for the other xylene isomers [ 43 , 44 ]. However, the same 

ehavior was observed on MIL-101(Cr) [32] and MIL-53(Fe) at 75 °C 
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Fig. 4. (A) Chromatogram of the separation of xylenes mixture using MIL-53(Al) (150 mm long × 4.6 mm i.d.) column. Conditions: flow rate: 0.35 mL min −1 , detection wave- 

length: 254 nm, mobile phase: ACN/H 2 O (65:35, v/v), column temperature: 30 °C. Peaks by order of elution: (1) p -xylene, (2) m -xylene, and (3) o -xylene. (B) Chromatogram 

of the separation of methylxanthines mixture using MIL-53(Al) (150 mm long × 4.6 mm i.d.) column. Conditions: flow rate: 0.25 mL min −1 , detection wavelength: 273 nm, 

mobile phase: ACN/H 2 O (70:30, v/v), column temperature: 30 °C. Peaks by order of elution: (1) theobromine, (2) theophylline, and (3) caffeine. (C) Chromatogram of the 

green tea hot water extract injected at the same conditions as in (B). 

c

[

a

A

s

e

w  

t

i

S

d

t

f

d

l

a

a

t

c

t

p

p

e

5

t

c

x

m

p

t

fi

h

r

h

a

3

d

h

m

w

5

c

μ

t

5

t

s

d

t

l

p

i

3

s

l

a

olumn temperature [33] . In contrast, MIL-47 [45] and MIL-100(Fe) 

46] stationary phases did not exhibit the same preference. 

For the alkylbenzenes mixture ( Fig. 5 A), the elution order of 

ll compounds was consistent with a reversed-phase mode using 

CN/H 2 O (70:30, v/v) as the mobile phase. However, an incomplete 

eparation of the first three homologues (benzene, toluene, and 

thylbenzene) was obtained at ACN percentages > 75%. For PAHs 

ith up to three aromatic rings, such as those shown in Fig. 5 B,

he elution sequence was in accordance with the hydrophobic- 

ty of the compounds which increases with the number of rings. 

tarting from four aromatic rings (pyrene ( Fig. 5 B), chrysene, and 

ibenzo(a,h)anthracene (Supporting Information Figs. S3A & S3B)), 

he compounds showed lower retention due to size-exclusion ef- 

ects as their dynamic diameter exceeded 8 Å. Since the dynamic 

iameter of the MIL-53(Al) at low temperature is about 7.6 Å [25] , 

arger molecules cannot access the pores of MIL-53(Al) efficiently 

t room temperature. The same behavior was observed for ketonic 

nd phenolic mixtures ( Fig. 6 ), but with lower retentions due to 

heir higher polarity. In conclusion, the results showed that the 

omposition of the mobile phase significantly affected both re- 

ention and resolution of all studied analytes on the MIL-53(Al)- 

repared columns. Based on the elution order of the studied com- 

ounds, the main working mechanism is the RP mode in the pres- 

nce of size-exclusion effects for large molecules. 

To further consolidate the RP separation mode on the MIL- 

3(Al) columns, the effect of the mobile phase composition was 

ested using different ratios of ACN/H 2 O. As an example, Fig. 7 

learly reveals that the separation of the benzene, toluene, m - 

ylene, and mesitylene mixture was remarkably affected by the 

obile phase composition. Increasing the polarity of the mobile 

hase, by lowering its ACN content, leads to increased retention 

imes and improved chromatographic resolution and column ef- 
i

7 
ciency of all molecules. That effect resulted from the enhanced 

ydrophobic π- π interactions between the analytes and aromatic 

ing walls of the pores of MIL-53(Al) framework. On the other 

and, the order of the studied compounds remained unchanged at 

ll tested mobile phase compositions. 

.4. HPLC applications 

A variety of analytes (a total of 34 solutes and 8 mixtures) with 

ifferent chemical and structural properties, including aromatic 

ydrocarbons, aromatic positional isomers, phenols, ketones, and 

ethylxanthines mixtures, in addition to green tea water extract 

ere injected to evaluate the separation performance of the MIL- 

3(Al) packed columns in HPLC under various chromatographic 

onditions. All standards were dissolved and diluted in can, and 5 

L of each mixture was injected into the column. As mentioned in 

he experimental section, three column dimensions were prepared: 

0, 100, and 150 mm long with the same i.d. 4.6 mm. However, 

he shorter column did not show high enough efficiency for the 

eparation of some of the tested analytes under all examined con- 

itions. As an example, Fig. S3C (Supporting Information) shows 

he separation chromatogram of the alkylbenzenes using a 50 mm 

ong MIL-53(Al) column. Thus, only the MIL-53(Al) columns pre- 

ared inside 100 and 150 mm long stainless-steel tubes were used 

n all of the next experiments. 

.4.1. HPLC separation of alkylbenzenes and PAHs 

A mixture of seven alkylbenzenes was injected to explore the 

eparation performance of the MIL-53(Al) packed column (100 

ong × 4.6 mm i.d.). Fig. 5 A displays the typical separation of 

lkylbenzenes at 0.30 mL min 

−1 flow rate in about 25 min us- 

ng ACN/H O (60:40, v/v) as the isocratic mobile phase. The chro- 
2 
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Fig. 5. (A) Chromatogram of the alkylbenzenes separation using MIL-53(Al) (100 mm long × 4.6 mm i.d.) column. Conditions: flow rate: 0.30 mL min −1 , detection wave- 

length: 254 nm, mobile phase: ACN/H 2 O (60:40, v/v), column temperature: 40 °C. Peaks by order of elution: (1) benzene, (2) toluene, (3) n -ethylbenzene, (4) n -propylbenzene, 

(5) n -butylbenzene, (6) n -pentylbenzene, and (7) 1-phenylhexane. (B) Chromatogram of the separation of PAHs series using MIL-53(Al) (100 mm long × 4.6 mm i.d.) column. 

Conditions: flow rate: 0.35 mL min −1 , detection wavelength: 230 nm, column temperature: 30 °C, mobile phase: ACN/H 2 O gradient elution program 0 → 8 min (45% ACN), 

8 → 20 min (linear gradient 45 → 80% ACN), 20 → 22 min (80% ACN). Peaks by order of elution: (1) pyrene, (2) indene, (3) naphthalene, (4) acenaphthylene, (5) fluorene, (6) 

phenanthrene, and (7) anthracene. 
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atogram shows high-resolution baseline separation of the com- 

ounds. The elution time increases with alkyl chain length, which 

eans that the retention time increase corresponds to the hy- 

rophobicity of these compounds. 

While the flow rate was increased from 0.10 to 0.70 mL min 

−1 

Supporting Information Fig. S4), the efficiency of the column was 

etermined in terms of the height equivalent to a theoretical plate 

or each compound. Fig. 3 D shows the van Deemter curves for 

ome alkylbenzenes. The prepared column exhibited the best ef- 

ciency for 1-phenylhexane with 62400 plates m 

−1 at 0.30 mL 

in 

−1 . The retention times of alkylbenzenes were obviously in- 

uenced by the flow rate, whereas the change in selectivity fac- 

ors was limited, not exceeding 14% between each two consecutive 

ompounds in all experiments. As expected, with increased mobile 

hase flow rate, both retention and resolution decreased. However, 

t flow rates higher than 0.50 mL min 

−1 , benzene and toluene 

ould not be separated under the isocratic mode. The chromato- 
8 
raphic parameters of the separation of alkylbenzenes were mea- 

ured at optimum conditions; they are reported in Table 1 . Typ- 

cally, the retention factor for the seven compounds ranged from 

.07 for benzene to 13.93 for 1-phenylhexane, while the chromato- 

raphic resolution values were higher than 2.05. 

For the precision test, the injection of the alkylbenzene mix- 

ure was repeated over three successive weeks (Supporting Infor- 

ation Fig. S5). The RSDs of the retention time, half peak width, 

eak height, and peak area for three weeks on the same MIL-53(Al) 

olumn were within 0.30–0.61%, 1.43–3.10%, 1.04–2.55%, and 1.73–

.05%, respectively (Supporting Information Table S2). The obtained 

SD values indicated satisfactory reproducibility. 

The structure of TPA, the organic linker of MIL-53(Al), includes 

 benzene ring, which is assumed to provide π- π interactions 

etween the stationary phase and aromatic hydrocarbons [14] . For 

his reason, the prepared columns were used in separating a mix- 

ure of seven PAHs, which are all highly toxic for human health 
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Fig. 6. (A) Chromatogram of the separation of ketones mixture using MIL-53(Al) (100 mm long × 4.6 mm i.d.) column. Conditions: flow rate: 0.20 mL min −1 , detection 

wavelength: 260 nm, mobile phase: ACN/H 2 O (80:20, v/v), column temperature: 40 °C. Peaks by order of elution: (1) acetone, (2) acetophenone, and (3) butyrophenone. 

(B) Chromatogram of the separation of phenols using MIL-53(Al) (100 mm long × 4.6 mm i.d.) column. Conditions: flow rate: 0.25 mL min −1 , detection wavelength: 254 

nm, mobile phase: ACN/H 2 O (85:15, v/v), column temperature: 30 °C. Peaks by order of elution: (1) phenol, (2) resorcinol, and (3) phloroglucinol. (C) Chromatogram of the 

separation of some substituted phenols using MIL-53(Al) (100 mm long × 4.6 mm i.d.) column. Conditions: flow rate: 0.30 mL min −1 , detection wavelength: 254 nm, mobile 

phase: ACN/H 2 O (60:40, v/v), column temperature: 30 °C. Peaks by order of elution: (1) 4-aminophenol, (2) p -cresol, (3) 4-nitrophenol, (4) 4-chlorophenol, and (5) 2-naphthol. 
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nd important in environmental analysis. The effects of mobile 

hase composition, flow rate, and column temperature were ex- 

mined to find a good compromise between peak resolution and 

un time. Fig. 5 B represents a typical separation chromatogram for 

AH compounds under optimum gradient elution conditions, using 

n ACN/H 2 O binary solvent mixture. Under validated conditions, 

aseline separation of the PAHs was accomplished in 22 min at 

 flow rate of 0.35 mL min 

−1 with good chromatographic resolu- 

ion. The chromatographic parameters of PAH separation were cal- 

ulated at optimized conditions and are provided in Table 1 . With 

he exception of pyrene, the height equivalent to a theoretical plate 

uctuated from 0.016 to 0.070 mm for the compounds. The best ef- 

ciency was obtained for anthracene at optimal conditions, which 

orresponded to 63200 theoretical plates m 

−1 . 

.4.2. HPLC separation of ketonic and phenolic compounds 

Subsequently, the prepared MIL-53(Al) packed column was used 

o separate a mixture of three ketonic compounds, acetone, ace- 

ophenone, and butyrophenone. As an example, at 0.20 mL min 

−1 

sing the ACN/H 2 O (80:20, v/v) isocratic condition and a column 

ven temperature of 40 °C, the three compounds were completely 

eparated in 13 min with high-resolution (more than 2.81), as 

hown in Fig. 6 A. The chromatographic parameter values were also 

easured and are summarized in Table 1 . At the mentioned con- 

itions, the highest performance was observed for butyrophenone 

ith 14300 plates m 

−1 . On the other hand, the retention factor for 

he three compounds ranged between 2.92 (for acetone) to 6.47 

for butyrophenone) indicating a good balance between resolution 

nd run time. Low peak tailing was observed for the three ketones, 
9 
ith asymmetry factors measured at 10% of the peak heights of 

.15, 1.26, and 1.19, respectively. 

In another application, the prepared columns were used to sep- 

rate two mixtures of phenolic compounds using different exper- 

mental conditions. As shown in Fig. 6 B, phenol, resorcinol, and 

hloroglucinol were completely separated under optimal condi- 

ions, in about 6.2 min with a chromatographic resolution more 

han of 2.92 at a flow rate of 0.25 mL min 

−1 using a mobile phase

omposed of ACN/H 2 O (85:15, v/v). The second phenolic mix- 

ure included five substituted phenols, 4-aminophenol, p -cresol, 4- 

itrophenol, 4-chlorophenol, and 2-naphthol. They were fully sepa- 

ated under isocratic elution conditions at an acceptable resolution 

 > 1.70) in 6.4 min, as presented in Fig. 6 C. With the exception of 4-

minophenol, the MIL-53(Al) column did not exhibit a plate num- 

er higher than 9600 plates m 

−1 at optimum conditions, where 

his value was notably lower than the efficiency values reached 

or the aromatic compounds. The retention factor values for all 

henols were between 0.62 and 2.89. All of the measured chro- 

atographic parameters are summarized in Table 1 . In short, the 

IL-53(Al) stationary phase clearly revealed better efficiency for 

he separation of neutral, non-polar, and aromatic hydrocarbons, in 

omparison with the slightly acidic compounds, phenols, in terms 

f retention, resolution, plate number, and even asymmetry factor. 

.4.3. HPLC separation of xylenes and methylxanthines mixtures 

The columns packed with MIL-53(Al) stationary phase were 

lso used for the separation of isomeric mixtures. Since the 100 

m long column exhibited a partial separation of xylenes and 

ethylxanthines, the MIL-53(Al) stationary phase was packed into 

 150 mm stainless-steel column to improve the chromatographic 
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Fig. 7. Chromatograms for separation of some hydrocarbons on MIL-53(Al) (100 

mm long × 4.6 mm i.d.) column using different ratios of the mobile phase com- 

position (ACN/H 2 O, v/v) at a flow rate of 0.40 mL min −1 , detection wavelength 254 

nm and column oven temperature 40 °C. Peaks by order of elution: (1) benzene, (2) 

toluene, (3) m -xylene, and (4) mesitylene. 
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Table 1 

Peak parameters for the separation of alkylbenzene, PAH, ketonic, and phe- 

nolic mixtures with MIL-53(Al) 100 mm long column and xylene and xan- 

thine mixtures with MIL-53(Al) 150 mm long column under the optimized 

conditions for each mixture 

analyte t R N k α R s A s 

benzene 3.42 10700 1.07 – – 1.23 

toluene 4.24 12400 1.57 1.66 2.05 1.25 

ethylbenzene 5.09 13900 2.08 1.53 2.25 1.16 

n-propylbenzene 7.61 20400 3.61 1.93 5.13 1.08 

n-butylbenzene 12.35 34300 6.48 2.01 7.77 1.31 

n-pentylbenzene 17.86 62100 9.82 1.71 7.83 1.17 

1-phenylhexane 24.63 62400 13.93 1.62 7.89 1.28 

pyrene 2.27 5700 0.37 – – 1.21 

indene 6.58 19900 2.99 7.95 11.05 1.28 

naphthalene 8.17 14300 3.95 1.32 2.72 1.32 

acenaphthylene 12.73 20800 6.72 1.70 5.72 1.20 

fluorene 14.62 23700 7.86 1.17 2.04 1.22 

phenanthrene 18.91 60800 10.46 1.33 4.91 1.34 

anthracene 20.54 63200 11.45 1.09 2.02 1.33 

acetone 6.47 6100 2.92 – – 1.15 

acetophenone 8.92 10300 4.41 1.71 2.81 1.26 

butyrophenone 12.33 14300 6.47 1.67 3.50 1.19 

phenol 2.97 12400 1.12 – – 1.36 

resorcinol 3.81 9000 1.72 1.74 2.48 1.42 

phloroglucinol 5.33 7900 2.81 1.83 2.99 1.48 

4-aminophenol 2.27 22900 0.62 – – 1.24 

p-cresol 2.94 9600 1.10 1.97 2.93 1.33 

4-nitrophenol 3.62 8200 1.59 1.64 1.91 1.45 

4-chlorophenol 4.47 7900 2.19 1.58 1.86 1.38 

2-naphthol 5.45 7400 2.89 1.52 1.70 1.48 

p-xylene 5.14 7000 0.83 – – 1.27 

m-xylene 6.72 6100 1.40 1.86 2.59 1.36 

o-xylene 9.53 5600 2.39 1.99 3.16 1.43 

theobromine 8.51 30200 1.57 – – 1.22 

theophylline 10.46 15600 2.16 1.57 3.54 1.23 

caffeine 16.72 15500 4.06 2.06 6.90 1.30 

t R : retention time (min), N : number of theoretical plates (m 

−1 ), k : retention 

factor, α: selectivity factor, R s : chromatographic resolution, and A s : asymme- 

try factor at 10% of peak heights. 
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esolution. In spite of this, no significant increase in column back- 

ressure was observed due to the high structural porosity of the 

OFs material. An excellent baseline separation of o-, m- , and p- 

ylenes mixture ( Fig. 4 A) was achieved using this prepared col- 

mn in approximately 11 min, with an ACN/H 2 O (65:35, v/v) mix- 

ure as the mobile phase at 0.35 mL min 

−1 flow rate. Of the three

ylenes, the ortho-isomer showed the highest affinity to the struc- 

ure of MIL-53(Al) due to its polarity and the interaction between 

he two ortho-CH 3 groups and the terephthalate pore walls of the 

IL-53(Al) stationary phase [32] . 

High-resolution separation was also accomplished for the other 

ixture including theobromine, theophylline, and caffeine, as 

hown in Fig. 4 B. The analytes were separated using a binary 

CN/H 2 O (70:30, v/v) composition at a flow rate of 0.25 mL 

in 

−1 in 18 min. The solutes were detected at 273 nm UV wave- 
10 
ength. These results confirmed the remarkable ability of the MIL- 

3(Al) stationary phase for the discrimination of structural iso- 

ers. Among the xylenes, the best efficiency was 70 0 0 plates 

 

−1 for p -xylene, while for xanthines, the plate number for theo- 

romine was 30200 plates m 

−1 at optimum conditions. The high- 

st retention factors were 2.39 and 4.06 for o -xylene and caf- 

eine, respectively, while the chromatographic resolution between 

he peaks was more than 2.59 in all cases. All of the separation 

arameters for the two mixtures are provided in Table 1 . 

The reproducibility of separation results obtained for xylenes 

nd methylxanthines was expressed in terms of %RSD for three 

eeks on the same column. The column showed a good repro- 

ucibility with RSD values ≤0.57% for retention time, ≤3.77% for 

alf peak width, ≤3.05% for peak height, and ≤3.88% for peak area 

n all cases (Supporting Information Table S2 and Figs. S6 & S7). 

To complete the picture, the applicability of the prepared MIL- 

3(Al) packed columns for analysis of real samples was demon- 

trated by injecting a green tea water extract. Tea extract is a 

ypical mixture used to examine column performance because it 

ormally consists of many organic compounds related to various 

hemical species such as phenolic acids, catechins, and methylxan- 

hines. Fig. 4 C shows the successful separation of a green tea water 

xtract components. Under optimal conditions, a satisfactory sep- 

ration was obtained for the tea sample constituents with reason- 

ble resolution ( R s ≥ 0.94). In contrast to C 18 columns, catechins 

uch as ( + )-catechin, (-)-epicatechin, or (-)-epigallocatechin were 

luted on MIL-53(Al) before the three methylxanthines regardless 

f the mobile phase composition as a result of size-exclusion. On 

he other hand, the retention order of gallic acid, theobromine, 

heophylline, and caffeine remained in accordance with their hy- 
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Table 2 

Values of �H , �S , �G (at different temperatures from 30–50 °C), and R 2 for xylenes and 

methylxanthines 

analyte �H �S 

�G 

R 2 
30 °C 35 °C 40 °C 45 °C 50 °C 

p -xylene -11.35 -32.74 -1.43 -1.27 -1.10 -0.94 -0.78 0.9886 

m -xylene -10.28 -26.21 -2.34 -2.21 -2.08 -1.94 -1.81 0.9890 

o -xylene -10.39 -14.35 -6.04 -5.97 -5.90 -5.83 -5.75 0.9822 

theobromine -10.06 -25.61 -2.30 -2.17 -2.04 -1.92 -1.79 0.9935 

theophylline -10.59 -22.15 -3.88 -3.77 -3.66 -3.55 -3.44 0.9981 

caffeine -9.75 -12.53 -5.96 -5.89 -5.83 -5.77 -5.71 0.9948 

�H (kJ mol −1 ), �S (J mol −1 K −1 ), and �G (kJ mol −1 ). 
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rophobicity. In conclusion, the ability of the MIL-53(Al) column to 

eparate complex samples with adequate resolution and efficiency 

ives it an additional advantage. 

.5. Effect of analyte mass 

The effect of the injected analyte mass on the prepared columns 

as also studied. As shown in Fig. 8 A for xylene isomers and Fig.

8A (Supporting Information) for methylxanthines, an increase in 

he analyte mass resulted in increased peak height and area, while 

he retention time was almost unchanged. The relationship be- 

ween analyte mass and chromatographic peak height and area 

as linear over the investigated mass ranges ( Fig. 8 B and Sup- 

orting Information Fig. S8B). Practically, the selectivity factors re- 

ained constant at values of 1.89/1.99 ( ±0.02) for xylenes and 

.58/2.05 ( ±0.01) for methylxanthines (Supporting Information Ta- 

les S3 & S4). These features illustrate the MIL-53(Al) suitability for 

ull separation and accurate quantitation of xylenes and methylx- 

nthines. 

.6. Effect of temperature and thermodynamic parameters 

easurement 

To obtain more information about the retention of the analytes 

n the MIL-53(Al) columns, xylenes and methylxanthines mixtures 

ere injected at temperatures from 30 to 50 °C. The retention time 

f the analytes gradually decreased as the column temperature in- 

reased, as exhibited in Fig. 9 A and Fig. S9A (Supporting Informa- 

ion), indicating an exothermic separation process of the analytes 

n the MIL-53(Al) stationary phase. The selectivity factors for p - 

nd m -xylenes, theobromine, and theophylline slightly decreased, 

hile the selectivity values for o -xylene and caffeine even slightly 

ncreased as the temperature increased (Supporting Information 

ables S5 & S6). However, the results verify the high selectivity of 

IL-53(Al) toward o -xylene and caffeine. 

The van’t Hoff plots for the separation of xylenes ( Fig. 9 B) 

nd methylxanthines (Supporting Information Fig. S9B) have been 

sed to demonstrate the relationship between retention factor and 

olumn temperature. Good linearity between ln k and 1/T was 

eemed due to regression factors ≥0.9822, suggesting that there 

as no change in the interaction mechanism for the studied so- 

utes in the temperature range between 30 and 50 °C. The ther- 

odynamic parameters �H , �S , and �G (at different tempera- 

ure) for the transfer of xylene and methylxanthine analytes from 

he mobile phase to the stationary phase of MIL-53(Al) are pre- 

ented in Table 2 . For all analytes, the values of �H were neg-

tive while the �S had small negative values; this corresponds 

o a favorable transfer of the analytes from the mobile phase to 

he stationary phase, and thus stronger retention for the solutes 

n the MIL-53(Al). The weak negative values of �S along with 

he comparable values of �H for xylene isomers, as well as for 
11 
ethylxanthines, suggested that the highly selective retention of 

 -xylene and caffeine on MIL-53(Al) was not based on �H , but 

ontrolled by �S . On the other hand, the negative values of �G re- 

eal that the transfer of xylene and methylxanthine analytes from 

he mobile phase to the MIL-53(Al) was with a thermodynami- 

ally spontaneous process. Again, the retention of o -xylene and caf- 

eine on MIL-53(Al) corresponded to more negative �G values in 

omparison with the two other compounds in the same mixture, 

hus resulting in stronger retention for those solutes on the MIL- 

3(Al) stationary phase. It could be also noted that the values of 

G gradually decreased as the column temperature increased, thus 

tronger retention for all solutes on MIL-53(Al) occurred at lower 

emperatures. 

.7. Comparison with other works 

A series of synthesized MOFs were investigated as the sta- 

ionary phase in its naked structure for packed HPLC columns 

 32 , 33 , 43–63 ]. Table 3 provides a summary of several MOF ma-

erials used for HPLC separation, listing the analytes, column di- 

ensions, mobile phase solvents, and some important separation 

arameters. In particular, the MIL- n class of MOFs attracted wide 

ttention due to its good chemical and water stability in addition 

o their attractive properties such as large surface area; these make 

hem promising stationary phases for HPLC separation and analysis 

f various compounds. Many interesting applications including en- 

ironmental and industrial chemicals were successfully developed 

y using various MOFs. Most of these applications were carried out 

nder NP non-aqueous mobile phases or even by using a pure sol- 

ent as mobile phase. 

With the exception of MIL-101(Cr) that had been post- 

ynthetically modified with pyridine, all naked MOFs used as sta- 

ionary phase did not exhibit column efficiencies higher than 

3700 plates m 

−1 for the same analyte categories. The literature 

urvey indicated that the green method used for synthesis of MIL- 

3(Al) from PET waste water bottles in this work is completely 

riginal for chromatographic applications. Compared with previ- 

usly cited MOFs packed columns, the present MIL-53(Al) columns 

ave comparable selectivity and much better efficiency for most 

f the studied chemicals at optimum conditions, indicating the 

easibility of MIL-53(Al) as a stationary phase for HPLC applica- 

ions. The prepared MIL-53(Al) column was compared with the 

ost widely used conventional particulate octadecyl-silica column 

acked with 5 μm and possessing the same dimensions as the 

repared column (150 mm long × 4.6 mm i.d.). Each column was 

un at its optimum conditions to compromise between chromato- 

raphic resolution and the run time for the separation of theo- 

romine, theophylline, and caffeine. The results and discussion of 

his part are demonstrated in the Supporting Information. 
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Fig. 8. (A) Chromatograms of xylene isomers with different injected masses. (B) Effect of the injected mass of xylene isomers on the peaks area and height using MIL-53(Al) 

(150 mm long × 4.6 mm i.d.) column. Separation conditions are as shown in Fig. 7 A. 

12 
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Fig. 9. (A) Chromatograms of xylene isomers at different column temperatures (30–50 °C). (B) van’t Hoff plots xylene isomers on the MIL-53(Al) packed column (150 mm 

long × 4.6 mm i.d.). Separation conditions are as shown in Fig. 7 A. 

13 
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Table 3 

Applications of different MOF materials as stationary phases for HPLC separation 

MOF analytes solvents α N max column description ref. 

(mm long × mm i.d.) 

MIL-53(Al) alkylbenzenes, PAHs, ketones, phenols, xylene 

isomers, and methylxanthines 

ACN/H 2 O 1.09–7.95 63200 for anthracene 100, & 150 × 4.6 This 

work 

MIL-101(Cr) xylene, dichlorobenzenes, and chlorotoluene 

isomers, ethylbenzene, styrene, and toluene 

hexane/DCM 1.16–2.36 20000 for 

ethylbenzene 

50 × 4.6 [32] 

MIL-53(Fe) xylene, dichlorobenzene, chlorotoluene, and 

nitroaniline isomers, alkylbenzenes, anilines, 

and PAHs 

ACN/H 2 O 0.82–2.33 3272 for 

o-nitroaniline 

200 × 2.1 [33] 

MIL-53(Al) toluene and ethylbenzene, PAHs, benzenediol 

isomers, anilines, and xanthines 

ACN/H 2 O — 23705 for 

bromobenzene 

70 × 4.6 [43] 

MIL-53(Al) xylenes and ethylbenzene, ethyltoluenes, and 

cymenes 

hexane 0.5–10.9 — 50 × 4.0 [44] 

MIL-47 xylene isomers and ethylbenzene hexane 0.10–10.9 — 50 × 4.0 [45] 

MIL-100(Fe) aromatic hydrocarbons and anilines, toluidine 

and chloroaniline isomers 

DCM/MeOH, 

MeOH/H 2 O 

1.33–3.25 11262 for 

o-chloroaniline 

50 × 4.6 [46] 

MIL-53(Al) phthalate acid esters MeOH/H 2 O 1.33–2.63 — 50 × 4.6 [47] 

MIL-125(Ti) xylene and methylacetophenone isomers, 

PAHs, aryl halides, alkyl and hetero aromatics, 

and cis/trans cyclohexane 

ACN 1.01–6.66 20000 for benzene 100 × 2.1 [48] 

MIL-100(Fe) aromatic hydrocarbons; toluene, styrene, 

p -xylene, acetanilide, 2-nirtoaniline, and 

1-naphthylamine 

MeOH/H 2 O — — 200 × 1.0 [49] 

UiO-66 PAHs, substituted benzenes and its isomers hexane/DCM, 

MeOH/H 2 O 

1.38–1.85 2154 for m -xylene 50 × 4.6 [50] 

DUT-67(Zr) xylene isomers and phthalate acid esters MeOH/H 2 O 1.20–2.00 — 50 × 4.6 [51] 

MIL-101(Cr) nitroaniline, aminophenol, and naphthol 

isomers, sulfadimidine and sulfanilamide 

DCM/MeOH — — 50 × 4.6 [52] 

MIL-101(Cr) fullerenes C 60 , C 70 , and high fullerenes DCM/ACN 17.1 13000 for C 70 50 × 4.6 [53] 

HKUST-1 ethylbenzene and styrene heptane/DCM — — 50 × 4.6 [54] 

HKUST-1, MOF-5 aromatic hydrocarbons hexane/DCM — — 150 & 250 × 4.6 [55] 

ZIF-8, HKUST-1, 

Basolite F300, 

MIL-47 

small intermediates and byproducts found in 

the active pharmaceuticals 

MeOH 1.16–180 1640 for 

3-(1-hydroxyphenyl) 

ethanol 

50 × 4.6 [56] 

MIL-47, 

MIL-53(Al) 

ethylbenzene and styrene heptane 3.6, 4.1 — 50 × 4.5 [57] 

MIL-53(Fe) BTEX compounds heptane 1.0–12.26 — 50 × 4.6 [58] 

MIL-53(Al) xylene, dichlorobenzene, chlorotoluene, and 

nitrophenol isomers 

hexane/DCM, 

DCM/MeOH 

1.13–3.29 10200 for 

ethylbenzene 

150 × 4.6 [59] 

UiO-66 benzene, benzyl alcohol, phenol, 

chlorobenzene, benzyl chloride, and cis/trans 

4-ethylcyclohexanol, 

MeOH/ACN 0.40–6.9 — 50 × 4.6 [60] 

MIL-125(Ti), 

MIL-125(Ti)-NH 2 , 

CAU-1(Al)-NH 2 

xylene, ethyltoluene, and cymene isomers heptane 3.1 — 50 × 4.5 [61] 

MIL-101(Cr)- 

pyridine 

tocopherols hexane/IPA — 85000 for 

δ-tocopherol 

50 × 4.6 [62] 

MIL-125(Ti) ethylbenzene and xylene isomers heptane 0.7–1.6 — 100 × 4.6 [63] 

N max : maximum number of theoretical plates (m 

−1 ). 
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. Conclusions 

In our green approach, waste PET bottle materials were success- 

ully used as the starting precursor instead of TPA for the synthe- 

is of MIL-53(Al) MOF. The slurry packed MIL-53(Al) HPLC columns 

ere explored for separation of a wide range of analytes including 

lkylbenzenes, PAHs, ketones, phenols, and isomeric compounds, in 

ddition to green tea water extract using different compositions of 

 binary ACN/H 2 O mobile phase in isocratic and gradient modes. 

or all studied analytes, the optimum conditions and evaluation 

arameters for separation and qualitative analysis were investi- 

ated in detail. The prepared columns showed better separation 

f alkylbenzenes and PAHs in terms of separation efficiency and 

eak shape. Among the classical MOFs used as stationary phases 

n HPLC, the present research exhibited MIL-53(Al) packed columns 

ith much better efficiency and resolution for most of the studied 

hemicals at optimum conditions. The results obtained using waste 

ET bottles confirmed the effectiveness of MOF preparation and 

ts applications. In comparison with previously published MOFs 

acked columns in terms of chromatographic parameters and sep- 

ration performance, the present MIL-53(Al) columns gave compa- 
14 
able selectivity and better efficiency for most of the studied mix- 

ures at optimum conditions. The present work points out contin- 

ed interest in using value-added materials from waste for synthe- 

is and application of many important MOFs materials with more 

nvironmental and economic benefits. 
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