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ABSTRACT 

Evaluating the relationship between structure and function of metal-organic frameworks (MOFs) 

is an interesting issue that has been discussed in this work. Here, four isoreticular 3D porous 

zinc(II) MOFs with pcu topology, including [Zn(oba)(4-bpmb)0.5]•(DMF)1.5 (TMU-6), 

[Zn(oba)(bpmn)0.5]•(DMF)1.5 (TMU-21), [Zn2(oba)2(bpfb)]•(DMF)5 (TMU-23) and 

[Zn2(oba)2(bpfn)]•(DMF)2 (TMU-24), H2oba = 4,4′-oxybisbenzoic acid, bpmb = N,N′-bis-(4-

pyridylmethylene)-1,4-benzenediamine, bpmn = N,N′-bis-(4-pyridylmethylene)-1,5-

naphthalenediamine, bpfb = N,N′-bis-(4-pyridylformamide)-1,4-benzenediamine and bpfn = 
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N,N′-bis(4-pyridylformamide)-1,5-naphthalenediamine, containing imine- (TMU-6 and TMU-

21) and amide- (TMU-23 and TMU-24) decorated pores, have been successfully synthesized by 

mechanochemical method. Then, adsorption efficiency of these four MOFs for some heavy metal 

ions was studied to evaluate the effect of type of the functional groups of the pillars in different 

MOFs on adsorption process. The results indicated that the amide-decorated MOFs show a better 

adsorption efficiency toward metal ions than the imine-decorated MOFs. In the following, TMU-

23 was used as an efficient sorbent for extraction and removal of some heavy metal ions (Co+2, 

Cd+2, Cu+2, Cr+3, Fe+2, and Pb+2) and its analytical performance was evaluated and determined. In 

addition, DFT calculations were performed on possible coordination modes between cations and 

simplified functional groups of the related pillars in each MOF and probable interaction 

mechanism of the MOFs and the metal ions was evaluated. 

 

1. INTRODUCTION 

Since the beginning of the industrial growth, human activities and natural processes have been 

entering numerous potential hazardous trace heavy metal ions into the environment. Many of 

these metals, such as chromium (Cr), copper (Cu), iron (Fe), and cobalt (Co) are necessary for 

plants, living organisms, and the human body, [1, 2] whereas in large quantities, the same 

elements are toxic. Cadmium (Cd) and lead (Pb) show extreme toxicity even at low 

concentrations. Therefore, there has been an increasing necessity for analytical chemists to 

evaluate the environmental and healthy quality based on an accurate determination of heavy 

metal ions in environmental samples. [3- 6] 

While the determination of trace heavy metal ions in environmental samples is highly desired, it 

is also restricted by two main difficulties: first, the interfering effects of the matrix, second, the 
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usual low concentrations of heavy metal ions which may be lower than the detection limit of 

many analytical techniques. There is a crucial need for extraction and preconcentration of trace 

elements from applied matrix before analyzing them through analytical techniques. [7- 9]   

Solid phase extraction (SPE) is currently being used as a preconcentration or separation method 

for analyzing trace analyte ions existing in various materials and complexes. [10, 11] SPE has 

several advantages such as large preconcentration factors, low cost because of lower 

consumption of reagent, simplicity in phase separation and ease of automation. [12, 13] In SPE 

procedure, selection of suitable sorbent to achieve higher analytical performance (i.e., analytical 

sensitivity, selectivity, and precision) is the most crucial step. So studying the relationship of 

structure and function of a sorbent may be a fascinating subject in the analytical chemistry.  

Metal-organic frameworks (MOFs) are crystalline materials combined of organic linkers and 

inorganic metal ions which are self-assembled through coordination bonds. [14] The diversity of 

metal ions and organic linkers makes it possible to generate architectures with tunable porosity. 

[15, 16] High thermal resistivity, large surface area, uniform nanosized structural cavity and 

porosity makes MOFs as good candidates for diverse applications such as gas storage, [17, 18]  

catalyst, [19, 20] separation, [21]  drug delivery, [22, 23] sensing, [24, 25] biomedical imaging 

[26]  and analytical applications. [27, 28]   

Analytical chemists enjoy the potential of novel MOF materials for their application in analytical 

methods. As sorbents for sampling, solid phase extraction (SPE) [29, 30]  and solid phase 

microextraction (SPME) [31, 32] as well as stationary phases for liquid and gas chromatography 

[33] providing them with a solution to the challenges such as extraction, sample collection, 

improving sensitivity, selectivity and limit of detection. Considering all of these applications, it 

is difficult to find an appropriate MOF for sample preparation. [34]   
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MOFs show great promise in the analytical applications such as the capture of heavy metal ions 

by the chelating effect between metal ions and functional group in the linker. [35, 36] The shape 

and size of the pores lead to selectivity over the guests that may be adsorbed. Immobilization of 

functional groups modifies the surface for the engineering of interface properties of solid 

substrates, while the fundamental of their geometry and mechanical strength remains unchanged. 

[2, 37]This article is developed in the following order: first, synthesis of MOFs with various 

functional groups. Second, discuss the effects of different functional groups in MOFs on 

extraction efficiency. There are a lot of reports about the extraction and removal of heavy metal 

ions with MOFs but in this work we try to explain the results that accrue with small change in 

the linker and such investigation may open up new possibilities for the rational design and 

synthesis of nanoporous materials for particular applications. [38] 

 

Recently, we successfully introduced two acylamide-containing threefold interpenetration pcu-

MOFs; TMU-23 ([Zn2(oba)2(bpfb)]·(DMF)5), and TMU-24 ([Zn2(oba)2(bpfn)]·(DMF)2) (H2oba 

= 4,4′-oxybis(benzoic acid, bpfb = N,N′-bis-(4-pyridylformamide)-1,4-benzenediamine and bpfn 

= N,N′-bis(4-pyridylformamide)-1,5-naphthalenediamine, where DMF is N,N- 

dimethylformamide) [39], and studied their CO2 sorption properties. The study revealed that not 

only the insertion of amide functional groups on the MOFs pore surface but also the accessibility 

of the functional groups could affect their CO2 sorption and CO2/N2 separation properties. 

Inspired by our previous works, [40, 41] herein we report the mechanochemical synthesis of 

TMU-23 and TMU-24 for the first time and investigate the capability of these amide-decorated 

MOFs as sorbents for adsorption of heavy metal ions. For further investigation of the role of the 

functional groups of the MOFs in capturing of metal ions, two other isoreticular 
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mechanosynthesized Zn(II)-based MOFs, [Zn(oba)(4-bpmb)0.5]·(DMF)1.5 (TMU-6) and 

[Zn(oba)(bpmn)0.5]·(DMF)1.5 (TMU-21), (bpmb = N,N′-bis-(4-pyridylmethylene)-1,4-

benzenediamine and bpmn = N,N′-bis-(4-pyridylmethylene)-1,5-naphthalenediamine), were 

selected in which the pores surface are decorated by imine functional groups [39] (Scheme 1). 

This investigation helped us to examine the role of the basicity of the different N-donor ligands 

(containing amide or imine group) and the oxygen containing groups in metal ion capturing and 

to compare the adsorption efficiencies in four MOFs. 

Also, maximum adsorption capacity of all the MOFs were examined and compared. 

Subsequently, according to results of the preliminary experiments, TMU-23 was selected as an 

efficient sorbent for extraction and preconcentration of trace amounts of some heavy-metal ions 

including Cd(II), Co(II), Cr(III), Cu(II), Fe(II) and Pb(II) from aqueous samples, followed by 

their determination by flow-injection inductively coupled plasma-optical emission spectrometry 

(ICP-OES), and potential parameters affecting the performance of the target metal ions 

extraction were evaluated in detail. Eventually, the proposed method was applied for the 

preconcentration and determination of the heavy metal ions in real environmental water samples. 

Also, DFT calculations were performed to study type of the interaction of the metal ions with 

functional groups (amide or imine) of four MOFs and the obtained results were compared with 

1the experimental studies results.  
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Figure1: advantage of mechanochemical methods for preparation of MOF compared to other methods. 

[42, 43] 

2. EXPERIMENTAL SECTION  

2.1.  Materials and Physical Techniques 

All starting materials, including Zinc(II) nitrate hexahydrate, zinc(II) acetate dihydrate, and 4,4′-

oxybis(benzoic acid) (H2oba) were purchased from Aldrich and Merck. The ligands N,N′-bis-(4-

pyridylformamide)-1,4-benzenediamine (bpfb), N,N′-bis(4-pyridylformamide)-1,5-

naphthalenediamine (bpfn), N,N′-bis-(4-pyridylmethylene)-1,4-benzenediamine (bpmb) and 

N,N′-bis-(4-pyridylmethylene)-1,5-naphthalenediamine (bpmn) were synthesized according to 

the previous reported methods. [39] Stock standard solutions (1000 mg L-1) of Cd(II), Co(II), 

Fe(II), Cr(III), Cu(II), and Pb(II) were prepared by dissolving appropriate amounts of analytical-

grade Cd(NO3)2·4H2O, Co(NO3)2·6H2O, Cr (NO3)3·9H2O, Fe(NO3)2.9H2O, Cu(NO3)2·3H2O, 

and Pb(NO3)2 salts, respectively, from Merck in ultrapure water. Fourier transform infra-red (FT-

IR) spectra were recorded on a Bruker Tensor 27FTIR spectrometer equipped with a Golden 

Gate diamond attenuated total reflection (ATR) cell, in absorption mode at room temperature. 

Powder X-ray diffraction (PXRD) measurements were collected on a Philips X’pert 

diffractometer with monochromatic Cu-Kα radiation (λCu = 1.5406 Å).  For synchronous 

determination of the target elements we used a simultaneous inductively coupled plasma-optical 
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emission spectrometry (ICP-OES) on a Varian Vista-PRO instrument (Springvale, Australia) 

having a radial torch coupled to a concentric nebulizer and a Scott spray chamber carrying a 

charge-coupled detector (CCD).  To introduce the final solution into the ICP-OES nebulizer a 

six-port two-position injection valve from Tarbiat Modares University equipped with a 250 µL 

injection loop constructed from silicon tubing was used. Table S1 in the Supporting Information 

(SI) lists the optimal conditions of instruments and the emission lines used for determining the 

metal ions by ICP-OES.   

 

Scheme 1. Chemical Structures of H2oba, bpfb, bpfn, bpmb and bpmn. 

 Computational details 

All DFT calculations were performed using the GAMESS suite of programs. The geometry of 

the ligands was optimized at the B3LYP/6-31+G* level of theory. The LANL2DZ basis set with 

the corresponding effective core potential was used for the metal cations. Molecular electrostatic 

potentials (MEPs) of the isolated ligand were obtained on the 0.001 atomic unit surface by means 

of the SAS-WFA program using the wavefunctions generated at the aforementioned level of 

theory. The Mulliken charge density analysis of the free ligands was performed at the B3LYP/6-

31+G* level using the GAMESS. 

2.2.  Extraction Procedure 

Page 7 of 26 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
4 

A
pr

il 
20

18
. D

ow
nl

oa
de

d 
by

 L
an

ca
st

er
 U

ni
ve

rs
ity

 o
n 

08
/0

4/
20

18
 0

7:
30

:2
7.

 

View Article Online
DOI: 10.1039/C8NJ01150H

http://dx.doi.org/10.1039/c8nj01150h


The procedure for the solid-phase extraction of heavy metal ions was conducted by the following 

steps: Initially a 100 mL aliquot of aqueous sample including the target metal ions was added in 

a 200 mL glass beaker containing 10 mg of the MOF as sorbent. The pH value of the solution 

was adjusted to 8. After stirring the solution for 10 min to speed up the adsorption of the analytes 

onto the MOF, the solution was centrifuged at 6000 rpm for 2 min. Then the sorbent was 

separated from the solution, and the adsorbed analytes were desorbed from the sorbent with 200 

µL of the eluent containing 0.4 M ethylenediaminetetraacetic acid (EDTA) by powerful vortex 

for 2 min. After centrifuging, the eluate of volume 200 µL was subjected into the nebulizer of the 

ICP-OES instrument using the six-way two-position injection valve for further determination. 

To investigate the adsorption capacity of all the MOFs, 3 mg of each MOF was added to 15 mL 

of the metal ions solutions at different concentrations in the range of 20-200 mg L-1 and after pH 

adjusting to 6, stirred for 15 min at room temperature. As the equilibrium point was reached, the 

sorbent was separated centrifugally, and the concentrations of the residual ions in solution after 

equilibrium adsorption were determined by ICP-OES. 

3. RESULTS AND DISCUSSION 

3.1.  Characterization of the MOFs 

Knowing the isoreticularity concept first disclosed by Yaghi and co-workers, [44] four pillared 

MOF structures (TMU-6, TMU-21, TMU-23 and TMU-24) with the same network topology, 

bearing different N-donor ligands were prepared. The original preparation method and the 

crystallographic data of TMU-6, TMU-21, TMU-23 and TMU-24, which respectively contain 

imine/amide pillars of  bpmb, bpmn, bpfb and bpfn have been recently addressed by our research 

group. [39] 
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In order to achieve more facile preparation route of these MOFs, all MOFs were prepared via 

mechanochemical method. In a typical synthesis, TMU-6, TMU-21, TMU-23 and TMU-24 were 

prepared by the mechanochemical reaction (grinding by hand) of a mixture of Zn(OAc)2·2H2O, 

H2oba, and N-donor ligand; bpmb, bpmn, bpfb and bpfn (Figure S1), respectively  for 15 min 

(SI). Comparison between the simulated and the experimental (resulting from the 

mechanosynthesized powder) PXRD patterns revealed that the mechanosynthesized TMU-6, 

TMU-21, TMU-23 and TMU-24 were structurally identical to their original structures prepared 

by conventional heating (Figure 2). 

TMU-6, TMU-21, TMU-23 and TMU-24 are neutral threefold interpenetrated MOFs formed by 

{Zn(oba)} layers connected through the N,N-pillar ligands. In these structures, each nonlinear 

dicarboxylate oba ligand is coordinated to three Zn(II) centers forming the {Zn(oba)} layers 

along the ab-plane. Because of the dinuclear nature of the metal cluster, these layers are formed 

by two sheets of parallel oba ligands that form π-π stacking interactions between them. These 

{Zn(oba)} layers are then pillared by the linear imine/amide-functionalized ligands, extending 

the structure in three dimensions with 6-connected net and pcu topology. Although all 

compounds are threefold interpenetrated, they still possess apparent 1D pore channels (∼8.1 × 

7.4 Å2, ∼8.2 × 7.0 Å2, ∼6.8 × 6.4 Å2 and ∼6.7 × 5.5 Å2-including van der Waals (vdW) radii-for 

TMU-6, TMU-21, TMU-23 and TMU-24, respectively) running along the ⟨101⟩ direction and 

noticeable free space (33%, 30%, 32% and 30% for TMU-6, TMU-21, TMU-23 and TMU-24, 

respectively) (Figure ). As we previously reported, all the MOFs are nonporous to N2 at 77 K but 

are porous to CO2 at various temperatures. CO2 uptakes at 203 K were calculated to be 9.0, 4.5, 

7.2, and 6.3 mmol.g-1 and the observed pore volumes were 0.32, 0.16, 0.27 and 0.22 cm3.g-1 for 

TMU-6, TMU-21, TMU-23, and TMU-24, respectively. [39] 
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Thermogravimetric analyses (TGA) of the mechanosynthesized MOFs showed a plateau in the 

range of 30-~370 °C revealing that their pore channels were devoid of any guest molecules 

(Figure S4, SI). Above these temperatures, the MOFs started to decompose. The prepared MOFs 

were also soaked in water and some organic solvents such as ethanol, acetonitrile and 

dichloromethane for at least 24 h at room temperature to determine whether they are stable in 

these solvents. The PXRD patterns before and after immersion were consistent, confirming that 

the structures have high stabilities in these solvents (Figure S5, S6FI). 

 

Figure 2. Comparison of PXRD patterns of TMU-6, TMU-21, TMU-23 and TMU-24: (a,d,g,j) simulated, 

(b,e,h,k) as-synthesized and (c,f,i,l) mechanosynthesized, respectively. 
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Figure 3. Representation of the pores highlighting the imine and amide groups in (a) TMU-6, (b) TMU-

21, (c) TMU-23 and (d) TMU-24 (presented in space-filling) pointing toward the pores of the 

frameworks. All hydrogen atoms and the disordered guest molecules are omitted for clarity. 

3.2.  Optimization of Extraction Parameters 

The primary experiments demonstrated that the MOF containing amide functional group has 

higher metal ions adsorption efficiency than the MOF with imine group. Accordingly, TMU-23 

was selected as the SPE sorbent for extraction and preconcentration of heavy metal ions, 

including Cd(II), Co(II), Cr(III), Cu(II), Fe(II) and Pb(II) to evaluate its analytical performance. 

In order to achieve the best efficiency various factors influencing the extraction efficiency such 

as concentration of the eluent, sample pH, times of adsorption and desorption, and sample and 

eluent volumes were investigated and optimized. The optimization was carried out on an aqueous 

solution containing mixture of 100 µg L-1 of each metal ion and the above mentioned variables 

were performed by modifying one at a time and keeping the remaining constants. 
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The pH of aqueous solution plays an important role in the chelation of the metal ion species with 

free coordination sites of the MOF as well as in the following extraction process. The effect of 

the sample pH was tested in the range of 5-11. As demonstrated in Figure S7, the maximum peak 

areas were obtained at pH 8, so it was chosen as the optimum value at further studies. Decrease 

in extraction efficiency by further increasing the sample pH from 8 to 11, can be attributed to 

precipitation of the metal ions in hydroxide forms. 

To obtain the maximum extraction efficiencies for the target analytes, amount of the sorbent was 

optimized by varying its amount in the range of 5-15 mg for extraction of 100 µg L−1 of the 

analytes from 30 mL of the sample solution. In order to gain satisfactory recoveries of the target 

metal ions, a certain amount of sorbent is required. The results shown in Figure S8 indicated, 

indicated that the best extraction efficiencies were achieved by using 10 mg of the MOF, hence 

this amount of the MOF was employed in the subsequent studies.  

    It is necessary to determine optimum volume of the eluent to achieve the highest enrichment 

and recovery of the adsorbed analytes. Eluent volume should be enough to can soak the sorbent 

and on the other hand it should not be excessive to dilute the eluate. Considering these, different 

volumes (200-600 µL) of 0.4 M EDTA as eluent was examined and the results revealed that 

analytes quantitative recoveries could be achieved by using 200 µL of the eluent. Accordingly, 

desorption of the target metal ions was performed using 200 µL of 0.4 M EDTA in subsequent 

experiments Figure S9. 

To examine effect of the sample volume on the analytical performance, experiments were 

performed by changing the sample solution volume, spiked with 20 µg of the target analytes, in 

the range of 30-250 mL using 10 mg of the MOF. The results revealed that the extraction 
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efficiency was nearly constant in the volume range of 30-100 mL, and after that, a decrease was 

observed in the signal intensity.  Therefore, 100 mL was chosen as the optimal sample volume. 

The influence of the concentration of EDTA on desorption of target ion was studied. For 

desorbing 100µg.L-1 of target ion, already adsorbed on 10 mg of sorbent, 200µl of different 

concentration of eluent (EDTA) have been used. As a result of experiments, 200 µl of 

0.4 mol L−1 EDTA solutions that give maximum recovery was found as optimum eluents. A 

concentration of 0.4 mol l−1 of EDTA was selected for further studies (Figure S10). To obtain the 

highest sensitivity and precision, the equilibrium time of the adsorption process should be 

determined. For this purpose, further experiments were performed for study of the extraction 

time by changing the time in the range of 2-20 min. As can be seen in Figure S11, it was 

observed that there is an increase of the extraction efficiency along with the increasing extraction 

time from 2-10 min while further increasing in time had no significant on recovery. Thus, time of 

10 min was applied for further experiments. This rapid adsorption process can be attributed to 

the short diffusion route of the metal ions to the MOF and the MOF high porosity and surface 

area that cause to reaching equilibrium in a shorter contact time. The effect of the desorption 

time was also studied, and it was revealed that after 2 min, no substantial change occurs in the 

desorption efficiency. (Figure S12) 

3.3. Method validation 

The practical applicability of the proposed extraction method was evaluated by establishing a 

number of performance parameters as the figures of merit such as linearity, limit of detection 

(LOD), preconcentration factor (PF), repeatability, and extraction recovery for extraction of the 

target analytes from the aqueous solutions under the optimum conditions. As summarized in 

Table 1, calibration curves plotted using ten spiking levels of the metal ions with three replicate 
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measurements for each point, were found to be linear in the range of 0.2−200 µg L−1 with 

coefficients of determination (R2) ranging from 0.995 to 0.998. The limits of detection (LODs) 

based on definition of 3Sb/m (where, Sb is the standard deviation of three replicate blank 

measurements, and m is the slope of the calibration curve) were between 0.05-0.2 µg L−1. The 

preconcentration factors (PFs), calculated as the ratio of the slopes of the preconcentration and 

direct calibration equations were found to be in the range of 40−350. The precision of the 

proposed method was evaluated in terms of repeatability and RSDs% < 5.3 (n = 5) were obtained 

at a concentration level of 20 µg L−1. The ER% was calculated according to the following 

equation: 

0 0
100f fC VER

C V
×

= ×
×

 

Where, Cf and C0 are the concentration of analyte in the eluent phase (after preconcentration) and 

the initial concentration of analyte in the sample solution, respectively, and Vf and V0 are eluent 

and sample solution volumes, respectively. 

Table 1. Figures of merit of the proposed method for extraction of the 
target metal ions 

Analyte aLDR 
(µg L−1) 

R2 bLOD 
(µg L−1) 

cPF ER (%) dRSD (%) 
(n = 5) 

Cd+2 0.5-200 0.998 0.2 84 17 3.3 

Co+2 0.5-200 0.995 0.2 40 8 3.8 

Cr+3 0.2-200 0.998 0.05 230 46 2.3 

Cu+2 0.2-200 0.996 0.05 270 54 4.8 

Pb+2 0.5-200 0.997 0.2 350 70 5.3 

Fe+2 0.3-200 0.996 0.1 90 18 3.1 

aLinear dynamic range. bLimit of detection. cPreconcentration factor. dData 
were calculated based on the extraction of a 20 µg L−1 sample for each 
analyte. 
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3.4. Determination of the metal ions in real samples 

In order to investigate the reliability and analytical performance of the proposed method for 

determination of metal ions in real samples, the proposed method was verified by analyzing 100 

ml of some real water samples such as tap water, and mineral water before and after spiking with 

known amounts of the target metal ions. The obtained results are summarized in Table 2. As can 

be seen, the relative recoveries of the target metal ions ranged from 92% to 110% and acceptable 

repeatability are indicating good performance of the proposed method to apply to real samples.  

Table 2. Analytical results for extraction and determination of target metal ions in real samples 
 Cd+2 Co+2 Cr+3 Cu+2 Fe+2 Pb+2 
 Found ± SD Found ± SD Found ± SD Found ± SD Found ± SD Found ± SD 

Tap water 

Non spiked <LOD <LOD 0.30±0.02 0.45±0.01 1.10±0.04 <LOD 
Added (5 µg L-1) 5.3±0.11 5.1±0.13 5.47±0.11 5.43±0.08 6.31±0.13 4.89±0.07 
Recovery% 106 102 103 99 104 98 
Added (10 µg L-1) 9.41±0.39 10.16±0.24 10.20±0.09 10.40±0.38 10.75±0.25 9.36±0.35 

Recovery% 94 102 99 99 96 93 
Mineral water 

Non spiked <LOD <LOD <LOQ 0.54±0.02 1.01±0.05 <LOD 
Added (5 µg L-1) 4.64±0.21 4.6±0.10 5.12±0.20 6.05±0.18 6.44±0.09 5.14±0.27 
Recovery% 92 92 102 110 109 102 
Added (10 µg L-1) 10.1±0.34 10.24±0.17 9.63±0.11 11.05±0.25 11.87±0.10 9.43±0.36 
Recovery% 101 102 96 105 108 94 

Mineral water 

Non spiked <LOD <LOD <LOD 0.61±0.06 0.8±0.04 <LOD 
Added (5 µg L-1) 5.12±0.07 4.8±0.21 5.31±0.17 6.33±0.33 5.87±0.10 4.8±0.22 
Recovery% 102 96 106 110 101 96 
Added (10 µg L-1) 9.84±0.43 9.6±0.12 10.2±0.28 10.9±0.13 11.5±0.08 9.76±0.35 
Recovery% 98 96 102 103 107 97 

 

3.5. Evaluation of adsorption capacity of the MOFs 

Forasmuch as the MOFs have porous structure, it was expected that they have high adsorption 

capacity of metal ions. For investigation of their maximum adsorption capacities, the equilibrium 

adsorption experiments mentioned in the experimental section were performed at different 

concentrations of the metal ions and the obtained results were evaluated by Langmuir adsorption 

isotherm. With regard to the maximum adsorption capacities (Qm) of the MOFs listed in Table 3, 
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it can be seen that all the MOFs demonstrate high and nearly same maximum adsorption 

capacities for each of the metal ions. This observation is in compliance with their high porosity 

and approximately same free spaces (33%, 30%, 32% and 30% for TMU-6, TMU-21, TMU-23 

and TMU-24, respectively).  

3.6. Comparison of the adsorption behavior of the MOFs 

In this work, our purpose was evaluation of the role of functional groups being on the pillar of 

the MOFs as well as their pore size on adsorption of metal ions. Accordingly, four isoreticular 

zinc(II)-based MOFs were selected while two of them (TMU-6 and TMU-21) had amide group 

on their pillars and the other pair (TMU-23 and TMU-24) contained imine group. On the other 

hand, TMU-6 and TMU-23 contain one phenyl ring and TMU-21 and TMU-24 had two phenyl 

rings in their pillar structures (Scheme 1). This selection allowed to evaluate the effect of both 

type of the functional groups and number of phenyl rings in pillars of the MOFs on metal ions 

adsorption.  

For comparison of adsorption behavior of four isoreticular MOFs with different pillars, their 

extraction recoveries (ER%) and maximum adsorption capacities (Qm) were calculated and listed 

in Table 3. Comparing the ER% of four MOFs studied for metal ions adsorption, it can be seen 

that MOFs with amide group (TMU-23 and TMU-24) show higher efficiency (greater ER%) for 

metal ion adsorption rather than MOFs with imine group (TMU-6 and TMU-21). On the other 

hand, the MOFs which contain phenyl group in their pillar structure to some extent have more 

ER% than MOFs with naphthyl group in their pillars (TMU-23 toward TMU-24 and TMU-6 

toward TMU-21). 
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Furthermore, as comparing the values of Qm obtained for four MOFs (see Table 3), it can be 

found that all the MOFs provides nearly similar adsorption capacity for each of the metal ions 

while this result is not similar to the result of the comparison of the ERs%.  

Since the free spaces in all the MOFs are approximately equal (33%, 30%, 32% and 30% for 

TMU-6, TMU-21, TMU-23 and TMU-24, respectively), it can be concluded that at high 

concentrations of metal ions free space of the MOFs is determinative of their adsorption rate. 

However, at low concentrations of metal ions, the interaction of the free coordination sites 

(amide or imine groups) of the MOFs with metal ions has the major role in the adsorption 

efficiency. The amide group having more basicity with two coordination sites (O and N) 

demonstrates greater extraction efficiency than the imine group with lower basicity and one 

coordination site (N). On the other hand, it seems having naphthyl group in pillar structure could 

decline the charge density of the coordination sites (in amide or imine groups) by increasing the 

resonance path length in phenyl rings that results to decrease in the adsorption efficiency (ER%, 

that is a measure of adsorption efficiency).    

Table 3. Comparison of extraction recoveries (ER) and maximum 

adsorption capacities (Qm) of four MOFs for the target metal ions. 

MOF  Cd+2 Co+2 Cr+3 Cu+2 Fe+2 Pb+2 

TMU-6 
ER 13 7 12 15 12 21 

Qm 47 54 118 60 61 230 

TMU-21 
ER 11 4 9 14 10 18 

Qm 49 55 121 60 67 221 

TMU-23 
ER 17 8 46 54 18 67 

Qm 55 47 108 65 64 267 

TMU-24 ER 14 8 38 43 15 56 
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Qm 51 49 115 63 65 256 

 

 By comparing ERs% of TMU-23 and TMU-5 (the azine-decorated MOF studied in details in 

our previous work [41] for extraction of Pb+2 ions, it can be found that TMU-23 shows much 

more ER% than TMU-5,  nearly twice the ER% of TMU-5, while ERs% of these two MOFs for 

the other ions studied were almost same. From this observation it can be concluded that Pb+2 ions 

have more tendency to the amide groups rather than azine groups while the other metal ions 

studied here (Co+2, Cd+2, Cu+2, Cr+3) have approximately similar tendency to both functional 

groups (amide and azine). Due to the high attraction force of Pb ions towards the aromatic ring 

as well as the the amide functional groups, the ER is enhanced. [45] 

 

 

 

 

3.7. Theoretical calculations  

 

To analyze the trend obtained for the cations interaction with different ligands, we first analyze 

the MEP plots of the isolated ligands. Figure S14 shows the MEP isosurfaces on the 0.001 

atomic unit electron density isosurface of these molecules, where positive and negative regions 

are indicative of a nucleophilic and electrophilic site, respectively. Table 4 shows the calculated 

most negative MEP values with these ligands. As evident from Figure S14, the negative MEP 

regions are mainly associated with the nitrogen or oxygen atoms, which indicate the potential of 

these sites to an electrophilic attack. More especially, the most negative MEP in TMU-23 and 

TMU-24 is mainly associated with the oxygen atom of amide group, with the values of -29.5 and 

-28.5 kcal/mol, respectively. All these ligands are also characterized by a distinct negative area, 
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associated with the nitrogen atom of pyridine nitrogen. The absolute MEP value at the 

nitrogen/oxygen atoms of these ligands decraeses as TMU-23 > TMU-24 > TMU-6 > TMU-21. 

Note that this is almost consistent with the results obtained for the adsorption of the target 

cations. In particular, the MEP analysis also properly predicts that TMU-21 should have the 

weakest interaction with the cation species. This finding is also verfied by the calculated 

Mulliken atomic charges on the oxygen or nitrogen atoms (Table 4). This indicates that the 

electrostatic effects should be mainly responsible for the formation of theses cation-ligand 

complexes. 

Figure 4 presents the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) of the free ligands. It is seen that in all cases, the HOMO is mainly 

localized over the phenyl or naphtyl group and has a π character. This is in accordance with the 

prediction of the MEP analysis as noted above, and reveals the potential of these regions to 

interact with the cation species. As expected, the energy of the HOMO of TMU-21 and TMU-6 

is more negative than those of TMU-23 and TMU-24 (Figure 4), which is in agreement with the 

lower tendency of the former ligands to interact with the cations considered here. Note that in the 

HOMO of TMU-21 and TMU-6, there are some important contributions from the pyridine 

groups, which is due to resonance effects within these molecules. Such resonance effects should 

be responsible for the stabilization of the HOMO state of these ligands and hence their lower 

potential to interact with the cation species. Moreover, by comparing the HOMO energies of the 

ligands of TMU-6 and TMU-21 as well TMU-23 and TMU-24 (Figure 4), it can be found that 

the HOMO of TMU-21 and TMU-24 ligands have more negative energies than those of TMU-6 

and TMU-23, respectively, indicating more resonance effect of naphthyl group respect to phenyl 

group; that this is consistent with the obtained experimental results. 
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On the other hand, the LUMO state of these free ligands is delocalized over the entire molecular 

framework and has a π* character. As evident from Figure 4, the energies of these LUMOs 

increase (in absolute value) as TMU-6 > TMU-21 > TMU-23 > TMU-24. As seen, the LUMO of 

TMU-6 and TMU-21 exhibits a more pronounced delocalization on the central phenyl or 

naphthyl group than TMU-23 and TMU-24 ligands. These results suggest that the different 

electronic structure of these ligands should be responsible for the obsereved adsorption 

efficiency of the MOFs towards the considered heavy metal ions. 

Table 4. The calculated most negative MEP value (VS,min) and Mulliken atomic charge (Q) over nitrogen 

or oxygen atom of the isolated ligands 

Ligands VS,min (kcal/mol) Q (e) 

TMU-6 -16.7 -0.157 

TMU-21 -13.8 -0.109 

TMU-23 -29.5 -0.561 

TMU-24 -28.5 -0.550 
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Figure 4. The frontier molecular orbitals (isovalue=0.02 atomic unit) and their energies (in atomic 
unit) of the free ligands 

 

 

4. Conclusions 
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Here, we examined adsorption behavior of some MOFs having different functional groups in 

their pillar structures for adsorption of some heavy metal ions. For this purpose, four isoreticular 

zinc(II)-based MOFs were selected and synthesized by mechanochemical method such that their 

differences were in type of the functional group (imine or amide) and being phenyl or naphthyl 

group in their pillar structures. It was found that being of amide and phenyl groups in the pillars 

causes to its more tendency to adsorption of metal ions compared to the MOF with imine and 

naphthyl groups. This can be attributed to more basicity of the amide group respect to the imine 

group that results to the more strength interaction of metal ions with the MOFs coordination 

sites. On the other hand, the more resonance of electron density of the functional groups by the 

naphthyl group compared to the phenyl causes to decline of the adsorption ability of the MOFs. 

The evaluation of the adsorption behavior of the metal ions by four MOFs at high concentrations, 

found that all four MOFs having almost same free space show similar Qm for each of the metal 

ions. Moreover, some theoretical studies were desighed and performed to verify the experimental 

results. According to the DFT calculations, the absolute MEP values at the nitrogen/oxygen 

atoms of the ligands corresponding to the MOFs decreased as TMU-23 > TMU-24 > TMU-6 > 

TMU-21, indicating decrease in the charge density of the related functional groups. This also 

reveals that the electrostatic interactions between the functional groups of the MOFs and the 

metal ions is mainly responsible for the metal ion adsorption on MOFs. Furthermore, from 

frontier molecular orbital analysis, it was found that the lower tendency of TMU-6 and TMU-21 

ligands to adsorb the metal cations can be attributed to the resonance effects within these 

molecules. This means that the electronic structure of the ligands is responsible for the different 

adsorption pattern of the MOFs towards the considered heavy metal ions. Eventually, it can be 

said that TMU-23 with proper functional groups, high porosity and good water stability, 

Page 22 of 26New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
4 

A
pr

il 
20

18
. D

ow
nl

oa
de

d 
by

 L
an

ca
st

er
 U

ni
ve

rs
ity

 o
n 

08
/0

4/
20

18
 0

7:
30

:2
7.

 

View Article Online
DOI: 10.1039/C8NJ01150H

http://dx.doi.org/10.1039/c8nj01150h


providing high adsorption efficiency can be the promising material for application in extraction 

and removal of metal ions from water samples especially for Pb+2 ions.          

 

 

References 

 (1) Soylak, M.; Ercan, O. Selective separation and preconcentration of copper (II) in environmental 
samples by the solid phase extraction on multi-walled carbon nanotubes. Journal of hazardous materials 2009, 168, 
1527-1531. 

 (2) Rao, Z.; Feng, K.; Tang, B.; Wu, P. Surface decoration of amino-functionalized metal-organic 
framework/graphene oxide composite onto polydopamine coated membrane substrate for highly efficient heavy 
metal removal. ACS Applied Materials & Interfaces 2016. 

 (3) Cai, X.; Li, J.; Zhang, Z.; Yang, F.; Dong, R.; Chen, L. Novel Pb2+ ion imprinted polymers based 
on ionic interaction via synergy of dual functional monomers for selective solid-phase extraction of Pb2+ in water 
samples. ACS applied materials & interfaces 2013, 6, 305-313. 

 (4) Duran, C.; Gundogdu, A.; Bulut, V. N.; Soylak, M.; Elci, L.; Sentürk, H. B.; Tüfekci, M. Solid-
phase extraction of Mn (II), Co (II), Ni (II), Cu (II), Cd (II) and Pb (II) ions from environmental samples by flame 
atomic absorption spectrometry (FAAS). Journal of Hazardous Materials 2007, 146, 347-355. 

 (5) Huang, K.; Li, B.; Zhou, F.; Mei, S.; Zhou, Y.; Jing, T. Selective solid-phase extraction of lead 
ions in water samples using three-dimensional ion-imprinted polymers. Analytical chemistry 2016. 

 (6) Wang, P.; Du, M.; Zhu, H.; Bao, S.; Yang, T.; Zou, M. Structure regulation of silica nanotubes 
and their adsorption behaviors for heavy metal ions: pH effect, kinetics, isotherms and mechanism. Journal of 
hazardous materials 2015, 286, 533-544. 

 (7) Mo, Q.; Wei, J.; Jiang, K.; Zhuang, Z.; Yu, Y. Hollow α-Fe2O3 Nanoboxes Derived from Metal–
Organic Framework and Its Superior Ability to Fast Extraction and Magnetic Separation of Trace Pb2+. ACS 
Sustainable Chemistry & Engineering 2016. 

 (8) Thurman, E. M. Solid-phase extraction: principles and practice. Chemical analysis; 147 1998. 

 (9) Zhang, H.; McDowell, R. G.; Martin, L. R.; Qiang, Y. Selective Extraction of Heavy and Light 
Lanthanides from Aqueous Solution by Advanced Magnetic Nanosorbents. ACS applied materials & interfaces 
2016, 8, 9523-9531. 

 (10) Wang, X.; Wei, Y.; Lin, Q.; Zhang, J.; Duan, Y. Simple, fast matrix conversion and membrane 
separation method for ultrasensitive metal detection in aqueous samples by laser-induced breakdown spectroscopy. 
Analytical chemistry 2015, 87, 5577-5583. 

 (11) Yang, T.; Zhang, X.-Y.; Zhang, X.-X.; Chen, M.-L.; Wang, J.-H. Chromium (III) Binding Phage 
Screening for the Selective Adsorption of Cr (III) and Chromium Speciation. ACS applied materials & interfaces 
2015, 7, 21287-21294. 

 (12) Birjandi, A. P.; Mirnaghi, F. S.; Bojko, B.; Wąsowicz, M.; Pawliszyn, J. Application of Solid 
Phase Microextraction for Quantitation of Polyunsaturated Fatty Acids in Biological Fluids. Analytical chemistry 
2014, 86, 12022-12029. 

 (13) Zhang, Y.; Yu, M.; Zhang, C.; Ma, W.; Zhang, Y.; Wang, C.; Lu, H. Highly selective and ultra 
fast solid-phase extraction of N-glycoproteome by oxime click chemistry using aminooxy-functionalized magnetic 
nanoparticles. Analytical chemistry 2014, 86, 7920-7924. 

Page 23 of 26 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
4 

A
pr

il 
20

18
. D

ow
nl

oa
de

d 
by

 L
an

ca
st

er
 U

ni
ve

rs
ity

 o
n 

08
/0

4/
20

18
 0

7:
30

:2
7.

 

View Article Online
DOI: 10.1039/C8NJ01150H

http://dx.doi.org/10.1039/c8nj01150h


 (14) Zhou, H.-C.; Long, J. R.; Yaghi, O. M.: Introduction to metal–organic frameworks. ACS 
Publications, 2012. 

 (15) Yaghi, O. M.; Li, G.; Li, H. Selective binding and removal of guests in a microporous metal–
organic framework. Nature 1995, 378, 703-706. 

 (16) Yaghi, O. M.; O'Keeffe, M.; Ockwig, N. W.; Chae, H. K.; Eddaoudi, M.; Kim, J. Reticular 
synthesis and the design of new materials. Nature 2003, 423, 705-714. 

 (17) Masoomi, M. Y.; Stylianou, K. C.; Morsali, A.; Retailleau, P.; Maspoch, D. Selective CO2 
Capture in Metal–Organic Frameworks with Azine-Functionalized Pores Generated by Mechanosynthesis. Crystal 
Growth & Design 2014, 14, 2092-2096. 

 (18) Alezi, D.; Belmabkhout, Y.; Suyetin, M.; Bhatt, P. M.; Weseliński, Ł. J.; Solovyeva, V.; Adil, K.; 
Spanopoulos, I.; Trikalitis, P. N.; Emwas, A.-H. MOF crystal chemistry paving the way to gas storage needs: 
aluminum-based soc-MOF for CH4, O2, and CO2 storage. Journal of the American Chemical Society 2015, 137, 
13308-13318. 

 (19) Lee, J.; Farha, O. K.; Roberts, J.; Scheidt, K. A.; Nguyen, S. T.; Hupp, J. T. Metal–organic 
framework materials as catalysts. Chemical Society Reviews 2009, 38, 1450-1459. 

 (20) Tehrani, A. A.; Abedi, S.; Morsali, A.; Wang, J.; Junk, P. C. Urea-containing metal-organic 
frameworks as heterogeneous organocatalysts. Journal of Materials Chemistry A 2015, 3, 20408-20415. 

 (21) Chen, B.; Liang, C.; Yang, J.; Contreras, D. S.; Clancy, Y. L.; Lobkovsky, E. B.; Yaghi, O. M.; 
Dai, S. A Microporous Metal–Organic Framework for Gas‐Chromatographic Separation of Alkanes. Angewandte 
Chemie International Edition 2006, 45, 1390-1393. 

 (22) Taylor-Pashow, K. M.; Rocca, J. D.; Xie, Z.; Tran, S.; Lin, W. Postsynthetic modifications of 
Iron-Carboxylate nanoscale Metal− Organic frameworks for imaging and drug delivery. Journal of the American 
Chemical Society 2009, 131, 14261-14263. 

 (23) Della Rocca, J.; Liu, D.; Lin, W. Nanoscale metal–organic frameworks for biomedical imaging 
and drug delivery. Accounts of chemical research 2011, 44, 957-968. 

 (24) Xu, H.; Liu, F.; Cui, Y.; Chen, B.; Qian, G. A luminescent nanoscale metal–organic framework 
for sensing of nitroaromatic explosives. Chemical Communications 2011, 47, 3153-3155. 

 (25) Azhdari Tehrani, A.; Esrafili, L.; Abedi, S.; Morsali, A.; Carlucci, L.; Proserpio, D. M.; Wang, J.; 
Junk, P. C.; Liu, T. Urea Metal–Organic Frameworks for Nitro-Substituted Compounds Sensing. Inorganic 
Chemistry 2017, 56, 1446-1454. 

 (26) McKinlay, A. C.; Morris, R. E.; Horcajada, P.; Férey, G.; Gref, R.; Couvreur, P.; Serre, C. 
BioMOFs: metal–organic frameworks for biological and medical applications. Angewandte Chemie International 
Edition 2010, 49, 6260-6266. 

 (27) Gu, Z.-Y.; Yang, C.-X.; Chang, N.; Yan, X.-P. Metal–organic frameworks for analytical 
chemistry: from sample collection to chromatographic separation. Accounts of chemical research 2012, 45, 734-745. 

 (28) Ke, F.; Qiu, L.-G.; Yuan, Y.-P.; Peng, F.-M.; Jiang, X.; Xie, A.-J.; Shen, Y.-H.; Zhu, J.-F. Thiol-
functionalization of metal-organic framework by a facile coordination-based postsynthetic strategy and enhanced 
removal of Hg 2+ from water. Journal of hazardous materials 2011, 196, 36-43. 

 (29) Gu, Z.-Y.; Wang, G.; Yan, X.-P. MOF-5 metal− organic framework as sorbent for In-field 
sampling and preconcentration in combination with thermal desorption GC/MS for determination of atmospheric 
formaldehyde. Analytical chemistry 2010, 82, 1365-1370. 

 (30) Lv, Z.; Sun, Z.; Song, C.; Lu, S.; Chen, G.; You, J. Sensitive and background-free determination 
of thiols from wastewater samples by MOF-5 extraction coupled with high-performance liquid chromatography with 
fluorescence detection using a novel fluorescence probe of carbazole-9-ethyl-2-maleimide. Talanta 2016, 161, 228-
237. 

Page 24 of 26New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
4 

A
pr

il 
20

18
. D

ow
nl

oa
de

d 
by

 L
an

ca
st

er
 U

ni
ve

rs
ity

 o
n 

08
/0

4/
20

18
 0

7:
30

:2
7.

 

View Article Online
DOI: 10.1039/C8NJ01150H

http://dx.doi.org/10.1039/c8nj01150h


 (31) Lin, C. L.; Lirio, S.; Chen, Y. T.; Lin, C. H.; Huang, H. Y. A Novel Hybrid Metal–Organic 
Framework–Polymeric Monolith for Solid‐Phase Microextraction. Chemistry–A European Journal 2014, 20, 3317-
3321. 

 (32) Li, Y.-A.; Yang, F.; Liu, Z.-C.; Liu, Q.-K.; Dong, Y.-B. A porous Cd (II)-MOF-coated quartz 
fiber for solid-phase microextraction of BTEX. Journal of Materials Chemistry A 2014, 2, 13868-13872. 

 (33) Gu, Z. Y.; Yan, X. P. Metal–Organic Framework MIL‐101 for High‐Resolution 
Gas‐Chromatographic Separation of Xylene Isomers and Ethylbenzene. Angewandte Chemie International Edition 
2010, 49, 1477-1480. 

 (34) Farha, O. K.; Yazaydın, A. Ö.; Eryazici, I.; Malliakas, C. D.; Hauser, B. G.; Kanatzidis, M. G.; 
Nguyen, S. T.; Snurr, R. Q.; Hupp, J. T. De novo synthesis of a metal–organic framework material featuring 
ultrahigh surface area and gas storage capacities. Nature chemistry 2010, 2, 944-948. 

 (35) Aboutorabi, L.; Morsali, A.; Tahmasebi, E.; Büyükgüngor, O. Metal–Organic Framework Based 
on Isonicotinate N-Oxide for Fast and Highly Efficient Aqueous Phase Cr (VI) Adsorption. Inorganic chemistry 
2016. 

 (36) Jayaramulu, K.; Narayanan, R. P.; George, S. J.; Maji, T. K. Luminescent microporous metal–
organic framework with functional lewis basic sites on the pore surface: specific sensing and removal of metal ions. 
Inorganic chemistry 2012, 51, 10089-10091. 

 (37) Kitagawa, S.; Noro, S.-i.; Nakamura, T. Pore surface engineering of microporous coordination 
polymers. Chemical Communications 2006, 701-707. 

(38) Xu, Y.; Jin, J.; Li, X.; Han, Y.; Meng, H.; Song, C.; Zhang, X., Magnetization of a Cu (II)-1, 3, 5-
benzenetricarboxylate metal-organic framework for efficient solid-phase extraction of Congo Red. Microchimica 
Acta 2015, 182 (13-14), 2313-2320. 

 (39) Safarifard, V.; Rodríguez-Hermida, S.; Guillerm, V.; Imaz, I.; Bigdeli, M.; Tehrani, A. A.; 
Juanhuix, J.; Morsali, A.; Casco, M. E.; Silvestre-Albero, J.; Ramos-Fernandez, E. V.; Maspoch, D. Influence of the 
Amide Groups in the CO2/N2 Selectivity of a Series of Isoreticular, Interpenetrated Metal–Organic Frameworks. 
Cryst. Growth Des. 2016, 16, 6016-6023. 

 (40) Jamali, A.; Tehrani, A. A.; Shemirani, F.; Morsali, A. Lanthanide metal–organic frameworks as 
selective microporous materials for adsorption of heavy metal ions. Dalton Transactions 2016, 45, 9193-9200. 

 (41) Tahmasebi, E.; Masoomi, M. Y.; Yamini, Y.; Morsali, A. Application of Mechanosynthesized 
Azine-Decorated Zinc (II) Metal–Organic Frameworks for Highly Efficient Removal and Extraction of Some 
Heavy-Metal Ions from Aqueous Samples: A Comparative Study. Inorg. Chem. 2014, 54, 425-433. 

(42) Zhu, X.; Tian, C.; Jin, T.; Browning, K. L.; Sacci, R. L.; Veith, G. M.; Dai, S., Solid-State 
Synthesis of Conjugated Nanoporous Polycarbazoles. ACS Macro Letters 2017, 6 (10), 1056-1059. 

(43) Zhu, X.; Hua, Y.; Tian, C.; Abney, C. W.; Zhang, P.; Jin, T.; Liu, G.; Browning, K. L.; Sacci, R. 
L.; Veith, G. M., Accelerating Membrane‐based CO2 Separation by Soluble Nanoporous Polymer Networks 
Produced by Mechanochemical Oxidative Coupling. Angewandte Chemie International Edition 2018, 57 (11), 2816-
2821. 

 (44) Eddaoudi, M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.; O'Keeffe, M.; Yaghi, O. M. Systematic 
Design of Pore Size and Functionality in Isoreticular MOFs and Their Application in Methane Storage. Science 
2002, 295, 469-472. 

 (45)       Harrowfield, J. M.; Maghaminia, S.; Soudi, A. A., Polyhapto-aromatic interactions in lead (II) 
coordination. Inorganic chemistry 2004, 43 (6), 1810-1812. 

 

Page 25 of 26 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
4 

A
pr

il 
20

18
. D

ow
nl

oa
de

d 
by

 L
an

ca
st

er
 U

ni
ve

rs
ity

 o
n 

08
/0

4/
20

18
 0

7:
30

:2
7.

 

View Article Online
DOI: 10.1039/C8NJ01150H

http://dx.doi.org/10.1039/c8nj01150h


 1

Functional group effect of Isoreticular metal-organic frameworks on 

heavy metal ion adsorption  
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We examined adsorption behavior of some MOFs having different functional groups in their 

pillar structures for adsorption of some heavy metal ions. 
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