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ABSTRACT

Iron-benzene dicarboxylic acid (BDC) metal-organic framework (MOF) has been synthesized by
solvothermal method at room temperature and tested for the adsorptive removal of the organic dye
crystal violet from aqueous solution. Dye removal efficiency and adsorption characteristics were
determined to investigate factors such as the effect of dye concentration, contact time, temperature,
dose, and pH. Maximum dye removal efficiency was recorded to be 100% with an initial dye con-
centration of 5 mg/L. Langmuir, Freundlich, and Temkin adsorption isotherm models were used to
investigate the adsorption process. The adsorption isotherm of crystal violet onto Fe-BDC-MOF can
be described by Freundlich isotherm model and Langmuir isotherm model. Pseudo-second-order
kinetic model with rate constant 1.22 x 10 g/mg.min is found to be the best fit for the adsorp-
tion. Thermodynamic parameters viz. free energy; enthalpy, and entropy have been calculated with
the help of adsorption isotherm data. The values of enthalpy and entropy have been obtained as
0.0947 kJ/mol and 0.325 kJ/mol/K, respectively, indicating an endothermic process with an increase
in randomness at the solid-solution interface during adsorption. Negative value of AG illustrates
the process to be spontaneous. Column adsorption capacity of Fe-BDC-MOF has been recorded

26.65 mg/g.
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1. Introduction

Synthetic dye effluents, used in different industries such
as plastic, paper, and textile, etc., are introduced in water
resources as waste and most of these organic dyes are toxic,
inert, non-biodegradable, and can cause cancer. Therefore,
removing color from these wastes has been increasing
scientific interest in the last few decades [1-4]. Several phys-
ico-chemical methods such as sedimentation, filtration, radi-
ation treatment, electrochemical treatment, photochemical
method, biodegradation, chemical oxidation, coagulation,

* Corresponding author.

reverse osmosis, flotation, and adsorption, etc. have been
used to decolorize waste dye effluents [5,6]. As adsorption is
a cheap, convenient, and effective method, so it is most pre-
ferred and widely used among all methods [2]. In the last few
years several materials like wood, coal, clay, crushed brick,
saw dust, activated carbon, graphene based materials, chi-
tosan composite, nanohybrid composite, nanomaterials, and
other porous materials have been reported to remove dyes
from wastewater [1,2,5-14]. Porous metal organic frame-
works (MOFs) can be potential adsorbent for the removal of
organic dyes from industrial effluents due to their adsorptive
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properties. MOFs are crystalline materials that have gained
great attention from both academia and industries. MOFs,
which are composed of metal ions or clusters bridged by
organic linkers having a greater surface area with an advan-
tage of tunable pore sizes, are gaining attention for the
potential for vast applications like gas storage, adsorption,
separation, drug delivery, catalysis, sensing, photolumines-
cence, and analytical chemistry because of their versatile
physical and chemical properties like controllable pore vol-
ume, high surface area, multiple functionalities, etc. [15-17].
In recent years adsorption removal of pollutants from indus-
trial waste using MOFs has attracted attention. There are
several reports on the application of MOFs like Ti-MIL-125
[18], Zn-MOF [19], Cr-MIL-53, Cr-MIL-101 [20], Fe-MOF-235
[21], and many more [22-27] which are used as an adsorbent
for dye effluents. There are few reports on the removal of
crystal violet using MOFs [28-31]. Fe-BDC MOF has been
explored for the first time for adsorptive removal of crystal
violet dye in the present investigation. Use of Fe-BDC MOF
in present investigation is recommended due to low cost,
ease of synthesis (using solvothermal method, not requir-
ing expensive instruments/laboratory equipments). The
adsorbent can be recovered and reused upto five cycles effi-
ciently. Dye can also be recovered and reused as raw mate-
rial for industries. So, this method is convenient, environ-
ment friendly, and economic. This method does not involve
the formation of any toxic by-products. On the other hand
methods, like photocatalytic degradation [32-37], advanced
oxidation processes (AOPs) [38,39], and catalytic degrada-
tion [36,37] are relatively costlier as there is a requirement
of expensive semiconductor catalytic materials viz. TiO, and
costly laboratory equipments. Moreover, there are chances
of formation of toxic by-products which make the process
complicated and expensive [1,9].

Crystal violet (CV) is a cationic dye and belongs to class
of triarylmethane dyes. It is used as coloring agent in tex-
tile, paper, leather, additives, ink, cosmetics, and analyti-
cal chemistry/biochemistry and as pH indicator. Due to its
toxic nature, it can cause irritation in eyes, skin and diges-
tive tract, and permanent injury to cornea and conjunctiva.
In the extreme condition it may lead to respiratory and
kidney failure and permanent blindness. Discharge of the
water containing this dye into water bodies can cause envi-
ronmental degradation and the dye is reduced to leuco moi-
ety, leucocrystal violet [40—42]. The concentration of dyes in
industrial effluents lies in the range of 1-100 mg/L in textile
industries waste. As a matter of fact concentration of CV in
real effluents varies with usage and utility of the dye in a
particular industry. We have carried out our investigation in
the range of 5-100 mg/L. The suggested method is indeed a
highly versatile method and would be fit on large variations
of concentrations of the dye CV.

Therefore, the evaluation of removal and adsorption
capacity of crystal violet dye using iron based MOF Fe-BDC
(BDC - benzene dicarboxylic acid or terephthalic acid) MOF
has been carried out. The rates and mechanism of the adsorp-
tion process were investigated. The objective of the present
study is to explore the application of Fe-BDC MOF as poten-
tial adsorbent for removal of crystal violet and to study the
effect of contact time, initial concentration, pH, amount of
the adsorbent, and temperature on the adsorption process.

2. Experimental
2.1. Materials and method

For the present study, commercially available chemical
and reagents were used without any further purification.
Shimadzu UV 1800 spectrophotometer (Kyoto, Japan) hav-
ing a 10 mm quartz cuvette was used to record UV-vis spec-
tra of dye solutions in the visible range in the absorbance
mode. Scanning electron microscopy (SEM) micrographs
of the samples before and after adsorption were captured
using Merlin VP compact (Carl ZEISS Germany make), Jena,
Germany having an air lock chamber. To determine the crystal
morphology transmission electron microscopy (TEM) images
were recorded using a JEOL JEM-2100F microscope (Tokyo,
Japan) at 200 kV operational mode. TEM samples were pre-
pared by drop-casting a dilute solution in dimethyl sulfoxide
(0.5 mg/mL) on a carbon coated Cu-grid and the drying this
at 50°C for 12 h in vacuum oven. Surface area and pore vol-
ume of the adsorbent Fe-BDC MOF were determined using
Brunauer-Emmett-Teller (BET) method (Sorptomatic 1990)
after degassing at 110°C under vacuum, using nitrogen adsorp-
tion at —196°C and desorption while allowing the temperature
to rise to ambient. Zeta potential of the adsorbent was deter-
mined by using zeta-sizer Nano-ZS (Malvern) instrument.

2.2. Synthesis of the adsorbent and adsorption study

The MOF Fe-BDC was synthesized and characterized
as per our previously published article [43]. Removal of
CV dye was investigated spectrophotometrically. A stock
solution (100 mg/L) of CV dye was prepared by dissolv-
ing 10 mg of the dye in 100 mL of distilled water. All other
subsequent solutions were prepared by diluting the stock
solution. For adsorption experiments, a fixed amount of
the Fe-BDC MOF (0.03 g) was added to a series of 10 mL
diluted solutions (1-6 mg/L) of CV dye, and the difference
in the dye concentration was measured at maximum wave-
length of CV dye (A__ =589 nm). The removal efficiency (%)
and the amount of dye adsorbed at equilibrium Q, (mg/g)
were calculated using earlier reported methods [43].

Similar procedure is applied for kinetic study using the
solution of dye having 5 mg/L concentration. The aqueous
samples were taken to preset time intervals and the concen-
trations of dye were measured. The amount of dye adsorbed
at time ¢, Q, (mg/g), was calculated using the Eq. (1):

C -C )V
) L4 (1)

m

2.3. Effect of initial dye concentration

0.1 g Fe-BDC MOF adsorbent was added to each 10 mL
CV dye solutions having initial concentrations 5, 10, 20, 30,
40, 50, 60, 70, 80, 90, and 100 mg/L and the experiments were
carried out for 24 h. The concentration of dyes in industrial
effluents lies in the range of 10-100 mg/L so most research-
ers have carried out their studies in the range of 2-100 mg/L
[37,40,44-48]. As a matter of fact concentration of CV in
real effluents varies with usage and utility of the dye in a
particular industry. However, a concentration greater than
100 mg/L leads to losses to industries.
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2.4. Effect of contact time

To 10 mL CV dye solution having initial concentration
5 mg/L, 0.03 g of the adsorbent was added and the aqueous
samples were taken after time interval of 60, 120, 180, 240,
300, and 1,440 min.

2.5. Effect of adsorbent dose

To study the effect of adsorbent dose on adsorption 15,
20, 25, 30, and 35 mg of Fe-BDC MOF were added to 10 mL
solution of CV dye having initial concentration 5 mg/L for
24 h.

2.6. Effect of temperature

Experiment for effect of temperature on adsorption
process was carried out at temperature 298, 303, 308, 313,
318, and 323 K for 5 h by adding 0.03 g of adsorbent to 10 mL
aqueous solution of CV with initial concentration 5 mg/L.

2.7. Effect of pH

Investigation of effect of solution pH was performed at
pH 4,5, 6,7, 8, and 9. 0.03 g adsorbent was added to each
10 mL aqueous solution of CV having an initial concentra-
tion of 5 mg/L for a constant adsorption time of 24 h. pH of
dye solution was adjusted by adding dilute solutions of HCl
and NaOH.

2.8. Column adsorption study

Adsorption using column is one of the most common
and efficient way for removal of pollutants from water.
To decide the amount of adsorbent which is required for
removal of pollutants from wastewater, column technique
plays an important role [49]. For column adsorption study,
0.25 g of adsorbent was filed in a glass column of 18 cm
length and 1 cm internal diameter over the support of cot-
ton wool. The length and cross-section area of the adsorbent
bed was 0.3 cm and 0.8 cm?, respectively. Through this bed
aqueous solution of CV dye was allowed to run downwards
and aqueous solutions were analyzed for CV dye concentra-
tion after time to time. The column run was stopped as the
effluent dye concentration was reached to 90% of influent
dye concentration and the breakthrough curve [43] is plotted.

2.9. Dye desorption and reusability

Desorption of adsorbed CV dye was carried by sonicating
the used Fe-BDC MOF in acetone for 15 min. The desorbed
Fe-BDC MOF sample was reused for CV dye removal study
after drying in a hot air oven at 40°C.

3. Results and discussion
3.1. Characterization of Fe-BDC MOF adsorbent

The powder X-ray diffraction (PXRD) pattern (Fig. 1) was
recorded after annealing at 120°C for 4 h of as-synthesized
Fe-BDC MOF at room temperature. The X-ray diffraction
pattern matches with International Centre for Diffraction
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Fig. 1. PXRD of Fe-BDC.

Data file number (PDF-4+2014RDB) DB card number 00-055-
1809. Rietveld refinement was implemented using PDXL
software, with pseudo-voigt band profile after background
correction. After Rietveld refinement of the pattern it reveals
monoclinic phase with space group P,2,/C, and cell param-
eters a =5929 A, b=7802 A, c = 5130A and = 110.84°
having refinement parameters R, =3.65, R =2.84, R =3.18,
S =1.1485, and »? = 1.3191. Rehablhty of data is checked by
goodness of fitting. The refinement results are shown in
Fig. 2.

The Fourier-transform infrared (FT-IR) spectrum of MOF
before and after adsorption is shown in (Fig. 3). The observed
bands in IR spectrum were used to characterize the mate-
rial. IR band at 750 cm™ could be assigned due to benzene
ring deformation mode. The broad absorption at =3,400 and
~1,300 cm™ indicated that water and/or other gases have been
adsorbed in the frameworks. Similar observations for some
other MOFs have been reported by Tan et al. [50]. Red shift
of C-H bending frequency from 1,017 cm™ indicates occur-
rence of hydrolysis reaction with Fe-C-O due to exposure
of moisture present in the atmosphere. IR signal at 1,394
and 1,101 cm™ are assigned to C-O stretching and in plane
O-H deformation. Broad peak at ~3,400 cm™ was due to sur-
face-sorbed water. Peak at 1,589 cm™ could be assigned for
C=0 bond stretching vibrations in BDC [51]. Further, peak
at 549 cm™ indicates the presence of strong Fe-O vibration
band [52]. The observed vibrational bands suggest the forma-
tion of phase pure MOF without impurity within the detec-
tion limit of spectroscopy. Appearance of new peaks at 1,573;
1,377; and 1,307 cm™ after adsorption of dye can be attributed
to -C=C—, -C=N-, and -C-N- stretching in polyheterocycles.
These bands could be used as evidence for the adsorption of
the dyes on MOF.

TEM image of synthesized Fe-BDC MOF is shown in
Fig. 4. TEM image reveals particle size of MOF to be 10 nm.
BET surface area and pore volume were determined by the
use of standard procedures to be 46.02 m?/g and 0.076 cm®/g,
respectively.

Figs. 5 and 6 reveal SEM micrographs of Fe-BDC MOF
before and after adsorption respectively along with their
energy-dispersive X-ray spectroscopy (EDX). Fig. 5 exhibits
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Fig. 3. IR spectrum of Fe-BDC before and after adsorption of
Crystal violet.

a porous surface of MOF which may be a probable reason
for the adsorption of dye molecule. Fig. 6 (SEM images after
adsorption) depicts the adsorption of dye molecules on the
surface of MOFs. In addition, EDX data before and after
adsorption further confirms the adsorption process (Table 1).

3.2. Effect of initial dye concentration

Fig. 7 shows the effect of initial dye concentration on
adsorption by Fe-MOF. Concentration range of 5-100 mg/L
with an adsorbent dose of 0.1 g has been selected for
adsorption experiments. From the figure, it is clear that as
the initial dye concentration increases from 5 to 100 mg/L,
the percentage of dye removal decreased from 100 to

2-theta (deg)

Fig. 4. TEM image of Fe-MOF.

92.86%. These observations indicate the saturation of bind-
ing sites on the surface of adsorbent with increase in dye
concentration [53]. Similar observations have been reported
for removal of basic dyes [54] as well as crystal violet [55].

3.3. Effect of contact time

Variation of dye removal (%) and adsorption capacity
(mg/g) with adsorption time is shown in Figs. 8a and b,
respectively. The extent of removal of CV dye increased on
increasing contact time. Twenty-four hours is considered
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Fig. 6. SEM image and EDX of Fe-MOF after adsorption.

Table 1
Elemental composition of Fe-BDC MOF before and after adsorption

S. No. Name of elements Weight percentage of elements (%)
Before adsorption After adsorption
1 Carbon 8.70 12.31
Oxygen 40.82 82.83
3 Iron 50.48 4.86

as equilibrium time for this study. It was observed that
initially the rate of adsorption of CV dye was high which
gradually slows down with time. Initially, large numbers of
vacant sites are available at the surface of adsorbent which
decreases with time as adsorption of dye molecules takes
place. Therefore, less number of vacant sites is available for
adsorption of CV as time passes. There may be a possibility
of arising repulsive force between the CV dye molecules get-
ting adsorbed on the surface of adsorbent and the CV dye
molecules present in solution phase resulting in decrease
in adsorption rate [56].

3.4. Effect of adsorbent dose

Effect of adsorbent dose on removal of CV dye is shown
in Fig. 9. It was observed that the removal of crystal violet

dye increased with the increase in amount of Fe-BDC MOF.
The removal of dye increased from 43.75% to 93.46% with
an increase in the amount of MOF from 15 to 35 mg due to
increased surface area and adsorption sites [57].

3.5. Effect of temperature

The effect of temperature on the adsorption of CV on
Fe-BDC MOF was carried out at 298, 303, 308, 313, 318,
and 323 K for 5 h. When the temperature is increased there
is an increase in the rate of diffusion of the dye molecules
across the external boundary layer which decreases the vis-
cosity of the solution. As a result equilibrium capacity of
the adsorbent for a particular adsorbate varies on changing
temperature [58]. In the present study, adsorption capac-
ity increased from 1.47 to 1.66 mg/g, and dye removal is
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increased from 88.5% to 99.35% when the temperature of the
dye solution was increased from 298 to 323 K (Fig. 10) which
indicates the adsorption process to be endothermic [58].

3.6. Effect of pH

Effect of solution pH on the adsorption process is rep-
resented in Fig. 11. Maximum dye uptake was observed at
pH 6. In general, for cationic dyes, on increasing initial pH
there is a tendency of increase in adsorption capacity due to
an increase in electrostatic interaction between negatively
charged surface of adsorbent and cationic dye molecules.
The increase in the extent of adsorption with an increase
in pH value is due to the neutralization of the charges at
the surface of the adsorbent. It can be safely assumed
that by increasing the pH of the solution preference of
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Fig. 7. Effect of initial concentration of dye (Fe-BDC = 0.1 g,
equilibrium time =24 h, and volume of dye solution = 10 mL).
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the negative centers of the dye for the active sites of the
adsorbent increases, which in turn facilitates the adsorption
process. However, beyond pH 6 with increase in alkaline
conditions protonation of the dye is reduced, and electro-
static repulsion between OH- adsorbed on the adsorbent
and ionized dye molecule retards the extent of diffusion
and adsorption thereby. A similar result has been reported
by Prasad and Santhi [41].

The surface charge of the MOF adsorbent was
investigated by determining its zero point charge (pH,,).
As shown in Fig. 11, the pH, _for the Fe-BDC MOF is 4.9
and the adsorbent has positive zeta potential at lower pH
indicating the positive surface charge which turns neg-
ative as the pH increases, that is, negative zeta potential.
At higher pH ranges the adsorbent surface carries negative
charge which benefits the adsorption of cationic CV dye
through electrostatic interaction. Therefore, adsorption
rate were improved with increasing pH values from 4 to 6.
When pH value was higher than 6, the adsorption rate of
Fe-BDC MOF for CV dye decreased with further increasing
pH values. This can be ascribed to the hydrogen bond inter-
action between cationic CV dye and Fe-BDC MOF which
is stronger than that of the electrostatic interaction [59].

3.7. Adsorption equilibrium

At equilibrium, distribution of dye molecules between
the two phases, that is, solid phase and liquid phase is sug-
gested by the adsorption isotherms. Interaction between the
dye molecules and the adsorbent surface can be explained
by analysis of the isotherm data by fitting them to differ-
ent isotherm models. The isotherm data were fitted to
Freundlich, Langmuir, and Temkin isotherms.

3.7.1. Freundlich adsorption isotherm

Freundlich model explains adsorption on heterogeneous
surface with non-uniform distribution of heat of adsorption.
It assumes that there is an interaction between adsorbed

(b)
15 - %
14 -
— 134
5 '
=]
é /
~ 12 -
a
1.1
1.0 - E
T T LS T T L T L T
50 100 150 200 250 300
t (min)

Fig. 8. Effect of contact time on (a) dye removal and (b) on adsorption capacity (Fe-BDC MOF = 0.03 g, initial concentration of

dye =5 mg/L, and volume of dye solution = 10 mL).



392

i u
90 | /
L]
80 /
S
g 70 -
o
o 60
&
50 -
40 T T T T T T T
15 20 25 30 35
Amount of MOF(mg)

Fig. 9. Effect of amount of MOF on dye removal (initial concen-
tration of dye = 5 mg/L, volume = 10 mL, and contact time =24 h).

molecules [45,57]. The Freundlich adsorption isotherm is rep-
resented by the following linear equation:

InQ, =InK, +llnCt, (2)
n

Here, C, is the equilibrium concentration (mg/L) of
CV, Q, adsorption capacity (mg/g), and K, and n are the
Freundlich constants related to the adsorption capacity
and adsorption intensity, respectively. Value of constant n
provides information about how favorable is the adsorp-
tion process. If the value of 1/n is closer to 0, adsorption
becomes more heterogeneous [58].

3.7.2. Langmuir adsorption isotherm

Linear form of Langmuir isotherm [60] is given as:
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Fig. 11. Effect of solution pH on dye removal (initial concentra-
tion of dye = 5 mg/L, amount of MOF = 0.03 mg, and contact
time =24 h).

Here, C, (mg/L) is the equilibrium concentration and
Q, (mg/g) is the amount of adsorbate adsorbed by the per
unit mass of adsorbent. K, and Q, are the Langmuir con-
stant related to rate of adsorption and adsorption capacity,
respectively.

Equilibrium parameter R, a dimensionless constant and
an essential characteristics of Langmuir isotherm, can be
obtained by the following equation [58]:

L= L 4)
1+K,C,

where K, is the Langmuir constant and C, (mg/L) is the high-
est dye concentration. The value of constant R, provides the
information about how favorable the adsorption process,
that is, isotherm is favorable if value of R, lies between 0 and
1, on other hand isotherm is unfavorable if R, > 1, linear if
R, =1, and irreversible if R, =0 [61].
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Fig. 10. Effect of temperature on (a) dye removal and (b) equilibrium capacity (initial concentration of dye = 5 mg/L, amount of

MOF =0.03 g, and contact time = 24 h).
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3.7.3. Temkin adsorption isotherm

Temkin isotherm is presented by an equation [60]:

Q, =¥IHCH +¥anT )

T T

The Temkin isotherm constants (b, and K,) can be
calculated from slope and intercept of the plot of InC, vs.
Q,. K, is the equilibrium binding constant (L/mg) corre-
sponding to the maximum binding energy and constant b,.
is related to the heat of adsorption. According to Temkin
isotherm, there is a linear increase in the heat of adsorp-
tion of all the molecules with coverage of adsorbate over
adsorbent surface [40].

Plots for the above three adsorption isotherm models
viz. Freundlich, Langmuir, and Temkin were drawn using
the experimental data (Figs. 12-14). Their corresponding
constants are listed in Table 2. From Table 2, the Langmuir
and Freundlich isotherm models revealed to be the best fit
with the highest R? value (0.98709 and 0.98675, respectively).
The value of 1/n obtained from the linear plot of Freundlich
isotherm provides important information about the usabil-
ity of the adsorbent over the concentration range of dye
solution. In the present work, we found the value of 1/n to
be 0.204 which made the Fe-BDC MOF adsorbent applicable
for the entire range of CV dye concentration [61]. Similarly,
the value of equilibrium parameter R, calculated using
Eq. (4), is found to be 0.0038 suggesting the favorability of
the isotherm [61].

3.8. Kinetics study

Three kinetics models, pseudo-first-order kinetics,
pseudo-second-order kinetics, and intraparticle diffu-
sion were applied to identify the mechanism that controls
the overall removal rate in the adsorption process. Linear
equations for these three models are expressed as [62,63]:
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Fig. 11. Zeta potential of Fe-BDC MOF adsorbent.

Pseudo-first-order kinetics:
In(Q,-Q,)=InQ, —kt (6)

Pseudo-second-order kinetics:

t_t, 1 7)
Qt Q@ kZQe

Intraparticle diffusion:
Q, =kt +C (8)

Here, Q, (mg/g) and Q, (mg/g) are the amount of dye
adsorbed at equilibrium and at time f (min), respectively
and k, (min™), k, (g/mg.min), and k, (mg/g.min'?) are rate
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Fig. 12. Linear plot for Freundlich adsorption isotherm.
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Fig. 13. Linear plot for Langmuir adsorption isotherm.
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Fig. 14. Linear plot for Temkin adsorption isotherm.

constant of adsorption for pseudo-first-order, pseudo-
second-order, and intraparticle diffusion, respectively. In
intraparticle diffusion constant C reflects the boundary
layer effect [62].

Three linear plots for the kinetic models are presented
in Figs. 15-17 and their corresponding parameters are listed
in Table 3. The value of R? (0.9954) for pseudo-second-order
kinetics is closer to unity and is greater than that of the two
other kinetic models. This suggests that the pseudo-second-
order kinetic model with rate constant 1.22 x 10 g/mg.min
is best fit for the present study. Further, the calculated
uptake capacity (Q' = 1.698 mg/g) is in good agreement
with the experimental uptake capacity (Q® = 1.526 mg/g).
Therefore, we can conclude that removal of crystal violet
dye from its aqueous solution proceeds via chemisorption

05 Pseudo First Order Kinetics
' . In(Q,-Q)) = -0.009t + 0.054
" “ R?=0.9719
\\
1.5 -
g N
g 20 N
E™* \\
™~
-3.0
50 100 15 200 250 300
Time (min)

Fig. 15. Linear plot for pseudo-first-order kinetics.

3.9. Thermodynamic study

Study of effect of temperature on adsorption process
provides important information about the free energy
change, entropy change. We found an increase in adsorp-
tion capacity on increasing temperature that indicates the
adsorption is endothermic and favorable at higher tempera-
tures [32,64]. Spontaneity of the adsorption process can be
determined with the help of thermodynamic parameters
which were calculated by Van’t Hoff equation [54,64]:

Q. _As_aH o
C R RT

e

In

The Gibb’s free energy can be calculated by the following
equation:

process [63]. AG =AH -TAS (10)
Table 2
Isotherm parameters of crystal violet adsorption on Fe-BDC MOF

Concentration L. .. .

f dye (mg/L) Q, Freundlich isotherm Langmuir isotherm Temkin isotherm

ordy & /)

G, C, (mg/g n K, (mg/g) R Q,(mg/g) K (L/mg) R? b, K, (L/mg) R

5 0 0.5

10 0 1

20 0 2

30 0.03 2.997

40 0.2 3.98

50 0.35 4.965 4902 5983 0.98675 9.259 2.634 0.98709 2.185x10° 271.895 0.9518

60 0.762 5.9238

70 1.988 6.8012

80 3.68 7.632

90 5.769 8.4231

100 7.14 9.286

Cumulative adsorption capacity (for five cycles) has been calculated to be 36.3 mg/g using Freundlich isotherm model.
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Fig. 16. Linear plot for pseudo-second-order kinetics. Fig. 17. Linear plot for intraparticle diffusion kinetics.
Table 3
Kinetics parameters of crystal violet adsorption on Fe-BDC MOF
Pseudo-first-order Pseudo-second-order Intraparticle
Q, (mg/g) Q,(mg/g)  k (min™) R Q, (mg/g) Kk, (g/mgmin) R* k, (mg/gmin'?) — C R
1.526 (5mg/L)  1.055 0.009 0.9719 1.698 0.1221 09954  0.051 0.61 0.9828
Here, AS .(k]/mol/K), AH (kJ/mol), anc.1 A,G (kJ/mol) are 20, In(Qe/Ce) = 1. +39.05%
the changes in entropy, enthalpy, and Gibb’s free energy, " R? = 0.98479
respectively. C, is the equilibrium concentration (mg/L) 1 )
of dye solution, Q, is the amount of dye adsorbed at equi- 351 N
librium (mg/g), R is the gas constant (8.314 J/mol/K), 20 ] .\\
and T is temperature (K). A straight line (Fig. 18) plot- ] N
ted between In(Q/C)) and 1/T can provide value of AH/R 3’25_
and AS/R as slope and intercept, respectively. Values of g |
all thermodynamic parameters are listed in Table 4. An £ , | .
increase in randomness at the solid-solution interface ]
during the adsorption is indicated by the positive value of 1.5
AS. Endothermic process of adsorption is again confirmed ]
by the positive value of AH. Further, negative value of AG 1.0 -
suggests that the adsorption of CV dye on Fe-BDCMOF :
adsorbent is a spontaneous process. Decreasing value 05 — T T T
of AG with increasing temperature indicates that the 310 315 320 AT (x1362'§) 330 335 340

adsorption is favorable at higher temperature [64].

3.10. Column adsorption study

The breakthrough curve and breakthrough parameters
obtained by column adsorption study of CV dye removal
using Fe-BDC MOF are shown in Fig. 19 and Table 5,
respectively.

3.11. Dye desorption and reusability

Fig. 20 reveals the reusability of Fe-BDC MOF. Initially,
in first cycle Fe-BDC MOF can remove 91% CV dye the
removal capacity was reduced to 57% CV dye from its aque-
ous solution after five cycles. The adsorbed dye was recov-
ered after sonication for 30 min in acidic medium. 98.85%

Fig. 18. Plot of In(Q /C ) vs. 1/T to give thermodynamic parameters.

dye could be recovered after first cycle which gradually
reduced to 76% till 5th cycle (Table 6). The dye removal
capacity of Fe-BDC MOF is 36.419 mg/g. The data reported
in Table 6 reveals that the MOF can be effectively reused
and the dye can be obtained to be reused as raw material in
the industries.

Cost of preparation for 1 g of the MOF is 0.4 $ in the
laboratory. The cost will be much lower for conducting the
pilot study. Moreover, the synthesized MOF can be reused
several times and the dye can be recovered to be used as raw
material for industries. So, use of Fe-BDC MOF for CV dye
removal is cost-effective as well as environment friendly.
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Table 4

Thermodynamic parameters for adsorption of CV on Fe-BDC MOF
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Concentration AH (kJ/mol) AS (kJ/mol/K) AG (kJ/mol) at temperatures
(mg/L) 298 K 303K 308K 313K 318K 323K
5 0.0947 0.325 -96.67 -98.29 -99.91 -101.54 -103.16 -104.78
1.0 T ) T T 95 T T
54277 Co‘ C{ imﬂﬂ'm “ 30 ) 100
s e rrrsrren /./’ 90 -
0.8+ 2 7/ | B percentage removal
< X ./ {25 —m— Desorption (%)
g / — 857 - 95
3 / GJC, _ X _
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g S04 2 RN £ 75 S
7 (S ] [ o
3 P E x S
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Fig. 19. Breakthrough curve of Fe-BDC MOF for CV dye removal.

Table 5
Breakthrough parameters for column adsorption study of CV
dye using Fe-BDC MOF

Flow rate (mL/min) 25
Time (min) 115
Peak area (mg.min/L) 2,664.75
q, (mg/g) 26.648
m,., (mg) 8.625
Qoo (M) 6.662

R (%) 77.24

Here g, is adsorption capacity, m
column, and Q,

ot 18 @amount of dye loaded to the

ot 18 total dye adsorbed in column run.

4. Adsorption mechanism

To explain the adsorption mechanism between Fe-BDC
MOF and CV dye SEM-EDX analysis of Fe-BDC MOF before
and after adsorption were performed. As shown in Fig. 6
surface of adsorbent MOF is coated with a thick layer of
CV dye. To further reveal the adsorption mechanism FT-IR
analysis of the MOF before and after CV dye adsorp-
tion were also performed. It was found that the peak at
1,666 cm™ disappeared after adsorption indicating Fe-BDC
MOF successfully adsorbed the CV dye. Furthermore, the
vibration stretching frequency of C=O band in Fe-BDC MOF
was transferred from 1,589 to 1,574 cm™ which demon-
strated that the presence of m-m interaction between the
CV dye and Fe-BDC MOF has changed the electron cloud
distribution of the molecule in the adsorption process. All
observations confirm the m—m interaction between the CV

cycle

Fig. 20. CV dye adsorption and desorption efficiency of Fe-BDC
MOF after five cycles and reusability.

dye and Fe-BDC MOF. A similar observation was reported
by Duo et al. [65].

5. Comparison of adsorption of CV by Fe-BDC MOF with
other adsorbents

The dye uptake capacity of Fe-BDC MOF for CV dye has
been compared with various other adsorbents reported in
the literature (Table 7). The result reveals that Fe-BDC MOF
has higher dye adsorption capacity than that of other previ-
ously published adsorbents and can be used as a promising
adsorbent for CV dye removal from its aqueous solution.

6. Economic appraisal

A rough assessment of the capital cost of using Fe-BDC
MOF for CV was made based on the saturation capacity of
the adsorbent alone, without considering other cost factors
such as regeneration or spent adsorbent disposal cost.
Adsorption system cost was judged as the relative cost for
adsorbing 1 g of CV dye. Numerous researchers [71-73]
have followed this procedure to calculate the adsorption
process cost. Table 8 presents the economic cost and adsorp-
tion capacity of CV with other MOF adsorbents.

7. Conclusion

Fe-BDC MOF showed 100% removal of crystal violet
dye from its aqueous solution with an initial concentration
of 5 mg/L and removal of the dye decreases with increasing
concentration. Maximum adsorption capacity was found to
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Table 6
Dye adsorption, desorption, and reusability of MOF and dye

397

No. of cycles Dye adsorption (%) Dye desorption (%)

Dye removal per cycle (mg/g)

Cumulative dye removal capacity (mg/g)

1 91 98.85 9.267
2 87 96.17 8.062
3 80 92.45 7.414 36.419
4 69 85.19 6.394
5 57 76.07 5.282
Table 7

Comparison with other adsorbents for the removal of CV dye

S. No. Adsorbent Dye uptake capacity (mg/g) Reference
1 Acesia nilotica leaves 33 [41]

2 Citric acid modified pea peel 17.6 [46]

3 Chenopodium album ash 9.42 [55]

4 Jute fiber carbon 27.99 [66]

5 Orange peel 6.1 [67]

6 Banana peel 7.9 [67]

7 Cucumis sativa fruit peel 34.24 [68]

8 Bagasse fly ash 26.233 [69]

9 Agaricus bisporous 21.74 [70]

10 Fe-BDC MOF 36.419 Present study

Table 8

Cost and adsorption (saturation) capacity of Fe-BDC MOF in comparison with other adsorbents for adsorption of CV

Adsorbent Saturation capacity Price/g of adsorbent compared Price/adsorbed g of CV compared = Reference
(mg/g) to Fe-BDC MOF price to Fe-BDC MOF price

Fe-BDC MOF 36.419 1 1 Present work

Cu,(BTC), 0.29 13.83 1,736.30 29

H,dtoaCu 165.83 18.87 4.14 28

IFMC-2 2.4 28.28 429.19 30

be 9.286 mg/g in one cycle when 0.1 g of adsorbent is added
to the dye solution having initial concentration 100 mg/L
which has been improved to 36.42 g in batch adsorption
experiment. Adsorption capacity of Fe-BDC MOF has been
recorded 26.65 mg/g for column method. Freundlich and
Langmuir adsorption isotherm and pseudo-second-order
kinetic model reveal good applicability for the study of
interaction between the dye and Fe-BDC MOF. Freundlich
isotherm suggests the Fe-BDC MOF can remove CV dye
from its aqueous solution over its entire concentration
range. Removal of the dye by adsorption on Fe-BDC MOF
is favorable at higher temperature range. Thermodynamic
parameters reveal endothermic, spontaneous adsorption in
which there is an increase in randomness at the solid-solu-
tion interface during the process. The adsorbed dye can be
recovered to be used as raw material for industries. MOF
has also been regenerated for removal of crystal violet
with significant efficiency upto five cycles. Fe-BDC MOF

developed in the present study is economic in comparison
to several MOF viz. Cu,(BTC),, H,dtoaCu, and IFMC-2.
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