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Abstract

The formation of [Cu(INA),] (INA= isonicotinate) metal-organic frameworks (MOFs) by a
highly efficient and environmentally method simply by mixing and heating solid reactants
without milling has been investigated. The materials were characterized using elemental
analysis, FT-IR spectroscopy and powder x-ray diffraction (PXRD) and scanning electron
microscopy (SEM). Comparison of PXRD patterns of the materials with pattern simulated from
single crystal X-ray diffraction data allowed identification of the products. The adsorption
properties of the [Cu(INA),] was studied using fluorescein dye (FS). The adsorption data
followed both Langmuir and Freundlich equations but was best suited to the Langmuir model.
The adsorption data were also correlated with Temkin and Dubinin-Radushkevich adsorption
model and the results showed that adsorption process is physical. These results indicate that the
adsorption of FS on the [Cu(INA);] is partly due to electrostatic interaction between fluorescein
and the adsorbent. Compared with the traditional synthetic techniques, this method for the
synthesis of MOF was found to be highly efficient, environmentally benign and useful for the

large scale production.
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Introduction

Metal organic frameworks (MOFs) have attracted significant attention during the past decade
due to their high porosity, tunable structures and controllable surface functionalities.' Many
MOFs have been synthesized by a variety of solvent- based methods, ranging from solvothermal
conditions over several days to reflux for several hours.”” Recently, alternative synthetic
methods which introduces energy into the reaction systems have been described e.g.
electrochemical, sonochemical methods, microwave heating and introduction of mechanical
energy by mechanochemistry.”” The first solvent-free mechanochemical synthesis of a
microporous metal-organic framework [Cu(INA),] using ball-mill was reported in 2006 by
James et al.® Since then, there has been an increasing interest in the use of mechanochemical
method to prepare metal-organic frameworks and metal complexes. Most of the studies carried
out on the synthesis of metal organic frameworks in solid state involved the use of ball-mills. *"!
However, ball-mills have some limitations such as temperature control, low yields and
contamination of the products by ball materials. All these make the use of this method for large
scale production unfeasible. Hence, development of highly efficient and environmentally
friendly synthetic methods for MOFs has become an emerging challenge to the synthetic
chemist. Thus, we report the synthesis of [Cu(INA);] in the solid state via a facile, highly
efficient and environmentally benign method simply by mixing together appropriate reactants
without co-milling. Synthesis of porous and non-porous metal-organic frameworks directly from
metal oxide precursors using a similar approach known as ‘“accelerated aging” have been

reported.' !

Removal of hazardous materials from the environment has continued to be of interest due to the

negative effects on the environment and human health. Adsorptive removal of toxic components
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from fuels, waste-water and air is one of the most attractive approaches for environmental
remediation. The commonly employed adsorbent materials are alumina silica, metal hydroxides
and activated carbon.'>'” MOFs have also been widely investigated for the adsorptive removal of
various hazardous materials from the environment due to their high porosity and variable pore
geome‘[ry.lg'21
Dyes typically have complex aromatic molecular structures which are stable and difficult to
biodegrade. The conventional methods of removing dyes include, coagulation and flocculation,

2224 These methods have not received

oxidation or ozonation and membrane separation.
prominent attention because they are not cost effective. In contrast, an adsorption technique is by
far the most versatile and widely used. However, there are few reports on the use of MOFs to
remove dyes from solutions.”>*’ To the best of our knowledge, there has been no report on the
use of [Cu(INA),] as an adsorbent to remove dye from aqueous solution. We herein report the
results of our findings on the adsorption of fluorescein dye by MOF [Cu(INA),] which was
synthesized by simply mixing copper acetate monohydrate and isonicotinic acid at room
temperature without co-milling.

EXPERIMENTAL

Materials and Instrumentation

All reagents were purchased from Sigma-Aldrich and were used without further purification.
Infra-red spectra were obtained from the samples in the form of KBr pellets using a Perkin Elmer
FTIR spectrometer. Metal analyses were performed by atomic absorption spectroscopy with
Perkin-Elmer Spectrometer, model 3110. UV-Vis spectra were obtained on an Aquamate v4.60
spectrophotometer. The analyses of carbon, hydrogen and nitrogen were carried out on a Perkin-
Elmer 204C microanalyser. Powder XRD analysis was performed on a Syntag PADS

diffractometer at 294 °K using Cu Ka radiation (A = 1,54059 A). Each sample was analyzed
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between 4.0 and 40.0° 26 with a total scan time of 5.0 min. Ball-milling was performed using a
RetchMM2000. The synthesis of [Cu (INA),] metal-organic framework by mixing of solid
reactants (MSR), mixtures were prepared using molar ratio of reactants as reported in literature.
82829 Synthesis using the ball-milling method (BSR) followed the procedure described in

reference 8.

Synthesis by mixing of solid reactants (MSR)

Approximately 500 mg of each reactant was ground individually at room temperature in air for
30 seconds using a mortar and pestle. Copper acetate monohydrate (203 mg, 1 mmol) and
isonicotinic acid (252 mg, 2 mmol) ground separately, were mixed together manually in a vial
for 1 minute. The mixture was characterized by FT-IR and PXRD prior to storage. The mixture
was then stored at room temperature for 41 hours, with constant shaking at interval of 10 hours.
The formation of the product was evident by the colour change from green to blue. The material
obtained was desolvated by heating at 200 °C for 2 hours, (Yield 80 %, Mol. wt = 308 g mol™,
elemental analysis for [C;;HsN,O4Cu]: calcd. C, 46.75; H, 2.60; N, 9.09; Cu, 20.62 % found: C,
45.51; H, 2.71; N, 8.94; Cu, 21.00 %. IR (KBr, cm™): 3680, 3260, 3136, 3091, 1620, 1605, 1556,
1500, 1417, 1376, 1321, 1230, 1057, 867, 775, 700, 669, 615, 574, 470.

Synthesis by ball-milling of solid reactants (BSR)

For comparison purpose, ball-milled synthesis was carried out by adopting the procedure of
Pichon et al.® Copper acetate monohydrate (203 mg, 1 mmol) and isonicotinic acid (252 mg, 2
mmol) were carefully weighed into a Retsch MM 200 stainless steel ball-mill vessel equipped
with steel balls (20 g). The vessel was closed and the milling was carried out at room
temperature at a speed of 25 Hz for 10 minutes. The material obtained was desolvated by heating

at 200 °C for 2 hours. Yield 72 %, Mol. wt =308 g mol'l, elemental analysis for [C;,HgN,O4Cul:
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calcd. C, 46.75; H, 2.60; N, 9.09; Cu, 20.62 % found: C, 45.95; H, 2.66; N, 9.16; Cu, 20.75 %.
IR (KBr,cm'l) 3660, 3227, 3115, 3084, 1615, 1600, 1553, 1500, 1410, 1384, 1321, 1232, 1061,

867,771,700, 667, 627,579, 475.
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Scheme 1: Synthetic methods (a) Mixing (b) Ball-milling

Adsorption experiment

A batch equilibrium technique was used to study the adsorption of fluorescein on the [Cu(INA);]
synthesized using the MSR method (scheme 1a). Adsorption experiments were carried out in 250
mL flasks and the total volume of the reaction solution was kept at 50 mL. The flasks were
shaken at 165 rpm for 2 hours in an incubator shaker. The adsorption conditions such as contact
time, pH, temperature, dye concentration and adsorbent dosage were optimized to determine the
maximum removal of fluorescein dye over [Cu(INA);]. The effect of adsorbent dosage on the
dye removal was investigated at different adsorbent dosages between 5 and 40 mg. The effect of
contact time on the dye removal was studied up to equilibrium, which was reached within 360
minutes. The effect of the initial fluorescein dye concentrations were studied in the range 3 to 18
mg/L. The effect of temperature was investigated between 310 — 328 °K. The effect of the pH on
the removal of the dye was studied in the range 3 to 11 using 0.1M HCI or 0.1M NaOH. After
adsorption, the adsorbent and the supernatants were separated by centrifugation at 1500 rpm for

10 min. The supernatants were analyzed for residual dye concentration using a UV-visible
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spectrophotomete, by monitoring the absorbance changes at Amax 0f 490 nm. The amount of dye
adsorbed per gram of adsorbent (Q.) was calculated using equation (1)

Q. = (Co - GV ()
w

Where C, and C. are the initial and equilibrium liquid phase concentrations of the dye in mg/L
respectively, V is the volume of the solution in L and w is the amount of adsorbent used in g.
The equilibrium data were analyzed using the Langmuir, Freundlich, Temkin and Dubinin-
Radushkevich adsorption isotherm models.>** The data on the effect of contact time were fitted
into the pseudo-first-order and pseudo-second-order kinetic equations and the characteristic

parameters were determined.

Results and discussion

Characterization of the adsorbent

The metal-organic framework of copper isonicotinate [Cu(INA),] (2) has been prepared by
mixing copper acetate salt and isonicotinic acid in the appropriate ratio and allowed to stand for
41 hrs with intermittent shaking and by ball milling. The structure of 2 consists of infinite chains
of copper ions bridged by carboxylate ligands.® The material synthesized by MSR and that
formed by BSR techniques were characterized by comparison of their elemental analysis data,
infra-red spectra and PXRD patterns. The agreement between the theoretical and the
experimentally determined CHN values for both materials indicate that the compounds are pure.
Also, similarity of the elemental analysis data of the material from the two methods shows that

they are the same.
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Infra-red spectroscopy

Fig. 1 shows comparison of the infra-red spectra of [Cu(INA);] obtained from both methods. The
absence of an absorption band at 1700 cm™ suggests that the carboxylic groups of the ligand
isonicotinic acid in the MOFs obtained are de-protonated.*® The IR bands in both products from
MSR and BSR methods show a strong absorbance at ~ 1600 cm™ (vcoo. asymmetric) and ~1553
cm’! (Vcoo- symmetric stretch). The absence of carbonyl (C=O) stretching vibration IR bands
between 1655 and 1730 cm™ in the two MOFs shows that the HINA is fully coordinated.”” In
addition, the presence of an absorption band at ~775 cm™ indicates the formation of Cu-O
coordination bond in these compounds.*® The C=N stretch is shifted from 1555 cm™ to 1500 cm’
! in both products due to the participation of the nitrogen of the pyridine ring in the coordination.
The IR spectra of 1 produced by MSR and BSR are identical providing further evidence that they
are the same material. Heating of 1 at 200 °C for 2 hours produced material 2. The infra-red
spectra of both materials show a slight difference due to the removal of glacial acetic acid and

water from material 1 (see supplementary materials)

X-ray powder diffraction analysis

The PXRD pattern of the MSR mixtures measured 10 hours after mixing exhibited some new
peaks suggesting partial reaction had occurred as shown in Fig. 2. The reaction as reported is
self-propagating and the reaction started as soon as the reactants got in contact, with the release
of glacial acetic acid which serves as fluid.® The progress of the reaction was monitored by
PXRD as shown in Fig. 2. It can be seen that once the two reactants were brought into contact
via shaking every 10 hours, the reaction proceeded to completion without grinding or ball-

milling. The colour changed from green to blue as the reaction approached the endpoint. PXRD
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patterns of compound 1 made by the MSR method and that obtained using BSR are identical as

shown in Fig. 3.

The single crystal diffraction data for the empty framework of [Cu(INA),] reported by Lu and
Babb,’’ was obtained from the Cambridge Structural Database (CSD) (ref. code UFUMUD). Its
PXRD pattern was simulated from the single crystal data using Mercury 1.3 software and
compared to that of the material 1 obtained by MSR. 1 contains glacial acetic acid and water,
but this was readily removed by heating, to produce 2. The PXRD patterns of 1 (MSR) and the
simulated pattern of UFUMUD are very similar, with some discrepancies due to the presence of
acetic acid and water in the former (Fig. 3). Far better agreement is seen when compound 1
(MSR) is heated at 200 °C for 2 hours to remove water and glacial acetic acid, producing 2 (Fig.

3).

Scanning Electron Microscopy (SEM) study

The SEM images of the product 2 from the MSR and BSR methods are shown in Figure 4. The
morphologies of MOF crystals obtained from MSR are homogenous, which indicates the
crystallized phase. The MSR sample contained crystals that are larger, with defined faces and
edges than those obtained from ball-milling. The SEM image of the ball-milled product is not
homogenous due to concomitant nucleation and crystal growth. A cursory look at the images of

the product obtained from two the methods revealed a close correspondence in term of phases.

Correspondence between the products from mixing of solid reactants, ball-milling and single
crystal data was ascertained by comparing the analytical data (CHN), infra-red spectra, SEM and
powder diffraction patterns. In all cases, the data are almost identical suggesting they are same

materials.
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Dye adsorption studies

The removal of fluorescein dye from aqueous solution through adsorption on [Cu(INA);] was
investigated under different conditions of contact time, dye concentration, pH, temperature and
adsorbent dosage to maximize the adsorption efficiency.

Effect of initial dye concentration

The effects of initial dye concentrations were studied at 298 K for 12 hours using 0.025 g of
adsorbent. As shown in Fig. S8, the amount of fluorescein dye adsorbed on [Cu(INA),] increased
with increase in concentration up to 15 mg/L and reaches a constant value thereafter. The result
implies that at low concentrations of the dye solutions, there still existed unoccupied adsorption
sites that became occupied with increase in concentration.® At this concentration, all the

adsorption sites have been saturated with the dye molecules.*

Effect of contact time

The effect of contact time was investigated at room temperature for the adsorption of fluorescein
dye on porous [Cu(INA),] and the plot of removal efficiency at different contact times is shown
in Fig. S9. The adsorption rate increased with time at the initial stages of the sorption process
and reached equilibrium value after 6 hours. This has been attributed to great amounts of
unoccupied active sites on [Cu(INA),] and high concentrations of the dye molecules at the initial
stage resulting in the high adsorption rates.”® As the adsorption process continues, the active sites
becomes occupied and there is decrease in the dye molecules in the solution, uptake rates thereby

decreases until equilibrium was obtained after 6 hrs.
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Effect of temperature

The effect of temperature was studied using 0.02 g of the adsorbent. The results obtained from
the above two studies of optimum initial concentration and time were used here. From Fig. S10,
it can be observed that the adsorption value of fluorescein on [Cu(INA),] reached a maximum at
45 °C. This result showed that temperature is another factor that can influence the amount of dye
adsorbed from solution.

Effect of Adsorbent dosage

The results obtained from the above three studies of optimum initial concentration, time and
temperature were used here. It can be observed from Fig.S11 that the adsorption value increased
with increase in adsorbent dosage. This is attributed to increased adsorbent surface area and
availability of more adsorption sites.*” A slight decrease in the adsorption value with increase in

the adsorbent dosage from 0.03-0.04 g may be due to the conglomeration of the adsorbent.

Effect of pH

The results obtained from the above four studies of optimum initial concentration, time,
temperature and adsorbent dosage were used here. The adsorption of fluorescein dye is highly
dependent on the pH of the solution. It is only stable at within pH 7-9,*' so the adsorption study
was carried out at pH values 7 and 9. The amount of fluorescein dye adsorbed at pH 7 was 41.5
mg/g for [Cu(INA),] while at pH 9 it was, 50.9 mg/g. This is attributed to the fact that the
flourescein dye in aqueous solution at the pH of 9 will exist in dianionic form with the negative
charge on both the carboxylate and the phenolate groups as shown in scheme 2.*** [Cu(INA),]
has positively charged Cu(II) sites (Lewis acid) with a reported pore size of 12.7 x 11.4 A,M this
pore size will be too small to contain the fluorescein dye molecules. The mechanism of

fluorescein adsorption on [Cu(INA),] may therefore be explained in terms of electrostatic

10
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interaction between the negatively charged dye molecules and the positively charged [Cu(INA);]

adsorbent.* Similar adsorption mechanism of anionic dyes via electrostatic interaction has been

reported.*®*
HO, o 0
X
=
OH —_—
C/ pH=9
\o

Scheme 2: Chemical structures of fluorescein
Adsorption isotherms

Adsorption isotherms show the relationship between the amount of dye adsorbed and the
concentration of the dye at constant temperature. For solid-liquid adsorption system, the
adsorption isotherm is an important model in the description of adsorption behavior. When the
adsorption reaction reaches equilibrium state, the adsorption isotherm can indicate the
distribution of dye molecules between the solid phase and the liquid phase.* It is significant to
understand the adsorption behavior in order to identify the most appropriate adsorption isotherm
model. To describe the equilibrium nature of adsorption in this study, various isotherm equations

such as Langmuir, Freundlich, Temkin and Dubinin-Radushkevich equations have been used.”™

The linear form of Langmuir’s isotherm model for adsorption in solution is given by the

equation 2

C 1 1
- = Ce )
de K;Qm : < Qm >

11
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Where C. is the equilibrium concentration of the adsorbate (mg/L), q. the amount of adsorbate
per unit mass of adsorbate (mg/L), and Q,, and K; are Langmuir constants related to adsorption

capacity and rate of adsorption, respectively.

The logarithmic form of Freundlich model for adsorption in solution is given by the equation 3

below:

logQ. = logKs + 1/nlogC. 3)
Where Q. is the amount of dye sorbed at equilibrium per gram of adsorbent (mg/g), C. is the
equilibrium concentration of the dye in the solution (mg/L), and K¢ and n are the Freundlich
model constants. The numerical value of 1/n reported in Table 1 is less than 1 which indicates
that adsorption capacity is only slightly suppressed at lower equilibrium concentrations. *

The linear form of the Temkin isotherm equation has been commonly applied in the form of

equations 4 and 5.

4
Qe = RT ) pAT + RT InC, X
by by

Equation 4 can also be written as

q.= RTBInAT + BInC, (5)

where B = RT/bt
B is the Temkin constant related to the heat of adsorption (J/mol), AT is the equilibrium binding

constant (L/mg), br is the Temkin isotherm constant, R is the universal gas constant (8.314
J/mol/K) and T = Temperature at 298 K.

The D-R isotherm, apart from being analogue of Langmuir isotherm, is more general than
Langmuir isotherm as it rejects the homogenous surface or constant adsorption potential.” It is

expressed as:

12
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Inge = (q5)exp(-Bpe’) (6)

and in linear form we have
Inge. = Ings - Bp{RTIn(1 + 1/Ce)}? (7)
Where € = (1 + 1/C,)

Here q. = amount of adsorbate in the adsorbent at equilibrium (mg/g), qs = theoretical isotherm
saturation capacity (mg/g), Bp = Dubinin-Radushkevich isotherm constant relating to energy
mol?/kJ?).

The regression coefficient values R? show the applicability of the isotherms to the absorption
process. Table 1 shows that Langmuir isotherm has the highest R? value of 0.9994, therefore, it
fits most to the absorption process. The isotherms have R” values of increasing order 0.894 <
0.957 < 0.961 < 0.994 corresponding to Freundlich < Temkin < Dubinin-Radushkevich <
Langmuir. The corresponding plots of the adsorption models are given in the supplementary

material.

The D-R isotherm, apart from being an analogue of Langmuir isotherm is more general than
Langmuir isotherm as it rejects the homogenous surface or constant absorption potential.”® The
equilibrium parameter Ry, calculated from the Langmuir isotherm shows that the absorption is

favourable since it is between 0 & 1°!

and the maximum monolayer coverage capacity Qn, is
66.67 mg/g. A unique feature of D-R isotherm model is the fact that it is temperature dependent.
Qs was found to be 70.81 mg/g and mean free energy E is 1290.99 J/mol from the D-R isotherm
plot. The fact that the data fits the Langmuir isotherm better than the Freundlich isotherm

suggests that the absorption of fluorescein onto [Cu(INA);] is monolayer sorption rather than

adsorption on a surface having heterogeneous energy distribution.’>

13
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Table 1: Isotherm parameters for fluorescein dye adsorbed onto [Cu(INA);].

Langmuir Freundlich Temkin Dubinin-Radushkevich
Qm(mg/g) = 66.67 | K{mg/g(L/mg)'™) = |B=26.32 B (mol*/kJ%) =

23.39 3x 107
K (L/mg)=1364 |n=1.105 br=96.344 Q, (mg/g) = 70.81
R.=0.047 1/n=0.91 Ar (L/mg) =3.049 | E (J/mol) = 1290.99
R*=0.994 R® =0.894 R*=0.957 R® =0.961

Adsorption kinetics

The experimental data on the effect of contact time at 298 K were fitted into the pseudo-first-
order rate equation (Eq. (7)) and the pseudo-second-order rate equation (Eq. (8)) to analyze the
adsorption kinetics of the fluorescein dye molecules on [Cu(INA),]:

In(ge-qt)=1Inge- kit (7)
where k; is the rate constant for the first-order model for the adsorption process (min™). The
values of k; can be calculated from the slope of the plots of In (q. - q;) versus t.”> For the pseudo-

second-order, equation 8 applies:

o Lot (8)
qt 1(2(:162 qe

where k; is the rate constant of the pseudo-second-order model for the adsorption process (g mg™

min™).>* From the plot of t/q; against t values of k, and q. can be determined.

The kinetic parameters for the sorption of the fluorescein dye molecules on [Cu(INA),] at 298 K
are summarized in Table 2. The plot of In (qe - qt) versus t and t/qt versus t are shown in the
supplementary materials Fig. S6 and S7 respectively. The pseudo-second-order kinetic plot

showed a better fit to the data (i.e., higher correlation coefficient = 0.982) than the pseudo-first-

14
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order kinetic model (correlation coefficient = 0.977). This result is consistent with the literature

55
reports.

Table 2. Adsorption Kinetic parameters for the adsorption of fluorescein onto [Cu(INA);]
at 298 K.

Adsorbent | Q.exp | Pseudo-first-order Pseudo-second-order

(mg/g)

ki(min™) | Qc(cal) | R® ks (g(mgmin™)) | Qe(cal) | R?

(mg/g) (mg/g)

mCu-INA | 7.49 0.010 125.84 [0.977 | 5.594x 10 125 0.982

This study has demonstrated that fluorescein dye can be efficiently removed from water using a
MOF-type material [Cu(INA),] via specific interaction between dye and the adsorbent. The
adsorption of fluorescein over [Cu(INA);] at various temperatures showed that the adsorption

capacity increased with increasing adsorption endothermic similar to previous studies.’®’

Conclusions

In this study, we present for the first time an efficient new method for the synthesis of MOFs
under solvent-free condition. We also demonstrated that the method can provide a real
alternative to ball-milling and solution based methods. The method is simple and
environmentally friendly and can be applied to important industrial processes. The adsorption of
fluorescein dye was studied to examine the potential of [Cu(INA),] in removing dyes from water
solution. The adsorption data was best fitted into the Langmuir isotherm model. The adsorption
data were analyzed using pseudo-first-order and pseudo-second-order kinetic equations and the

results showed that the adsorption process followed the pseudo-second-order kinetics. These

15
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results suggest that the adsorption of fluorescein on the MOFs is partly due to electrostatic
interaction between fluorescein and the adsorbent. Based on this study, [Cu(INA),] can be
suggested as a potential adsorbent to remove dye from aqueous solution.
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Fig. 1. FT- IR spectra of [Cu(INA),] (a) (MSR method) and [Cu(INA),] (b) (BSR method).
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Fig.2. PXRD patterns of reactants (a) Cu(OAC), H,O (b) HINA
and reaction product (c) Cu(OAC), H,O + HINA after10 hrs (d)
20 hrs (e) 41 hrs.
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Fig. 3. PXRD patterns of the Cu(INA), (a) [Cu(INA),] simulated from single crystal data
(UFUMUD (b) Product 2 (c) Mix for 41 hrs (Product 1a) (MSR) (d) Ball-milling(Product
1b) (BSR)
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Fig. 4: SEM images of samples prepared by (i) MSR and (ii) BSR methods.



