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Synthesis of Highly Efficient and Recyclable Bimetallic
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ABSTRACT: Mono-(Fe) and bimetallic Co,—Fe;_,—MOF with different Co and Fe contents . i )
was successfully synthesized by the solvothermal method. The structural properties of the z ) O)L :ﬁ
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prepared samples were characterized by X-ray diffraction, transmission electron microscopy
(TEM), Brunauer—Emmett—Teller specific surface area, and Fourier transform infrared
spectroscopy. The results revealed the successful formation of mono and mixed Co,—Fe,_,—
MOF. Also, the results of TEM displayed that the particle structure of Co,—Fe,_,—MOF
changed to octahedral after the addition of cobalt. The surface acidity results illustrated that the
samples showed both Lewis and Brensted acid sites, and Co,—Fe, ,—MOF possessed more
surface acidity than Fe—MOF. The catalytic performance of the prepared samples was tested by
synthesis of 14-phenyl-14H-dibenzo [a, j] xanthene (xanthene), and bimetallic Co,—Fe;_,—
MOF showed higher activity compared to monometallic Fe—MOF. The sample with Co, 59— J
Fey5o—MOF gave the highest yield of xanthene with 90.2%. In addition, the prepared samples
were used for removal of Pb** and Cd*" ions from the aqueous solution. The sample with
Cogpso—Feso—MOF showed the highest removal efficiency compared with mono- and other bimetallic samples. The results
illustrated that the addition of Co to Fe enhanced the structural properties, acidity, and catalytic performance of the prepared
samples due to the synergistic effect between Fe and Co ions. According to the obtained results, the prepared samples showed great

potentials for the synthesis of pharmacologically active compounds and environmental protection.

1. INTRODUCTION

In the last decade, metal—organic frameworks (MOFs)
attracted more attention due to their unusual properties such
as structural diversity, exceptional porosity, and different
potential applications.'~* These unique properties of MOFs
made these materials appropriate for widespread applications
such as adsorption, separation, storage, sensors, magnetism,
drug delivery, and catalysis.”~’ Moreover, compared with
conventionally micro/mesoporous inorganic materials, MOFs
exhibited a more flexible rational design of their structure by
controlling the synthesis approach and organic linker
types.”~'" Continual efforts have been exerted to develop the
structural properties and potential applications of MOFs. One
of these methods is the formation of mixed MOFs by
combining two or more types of MOFs. Bimetallic MOFs
exhibited excellent hydrostability and activity compared with
monometallic MOFs.'™"> Numerous MOFs have been
applied as heterogeneous catalysts for liquid-phase reactions
such as oxidative desulfurization,'* hydroxyalkylation of
phenol,15 esterification reactions of hydrophilic alcohols,'®
etc. Xanthene derivatives have attracted more attention due to
their importance in therapeutic, pharmaceutical, and biological
features, like blood palette aggregation inhibitor drugs;2
photodynamic therapy;'” agricultural bactericide activity;'®
antibacterial, antiviral,” and anti-inflammatory activity; and
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antitumor activity.'” Different methods have been reported for
the synthesis of xanthene derivatives including using different
catalysts such as sulfamic acid/MCM-41,"" phosphated tin
oxide,”) H;PW,,0,,/Sn—TiO,,”* cellulose sulfamic acid,*
$n0,/Ti0,,**** and MCM-41 grafted with citric acid.”®
Heavy metals became one of the dangerous environmental
problems due to increasing the factories in recent years, which
led to increase the concentrations of these toxic metals in water
and wastewater.”” >’ Heavy metals such as Cr**, Cd*', Cu*",
and Pb** are very toxic and introduce in ecosystems through
industrial wastewaters during the chemical manufacturing, oil
refining, alloy manufacturing, leather tanning, and battery
manufacturing.”*’ The dangerous effects of these metal ions
on human beings’ health and ecological systems resulted due
to the biomagnification property of these metal ions in the
human body throughout the food chain, causing a variety of
diseases and disorders when the human is exposed to it for a
long time.”*°~** So, it is important to eliminate the toxic

Received: April 27, 2023
Accepted: July 4, 2023
Published: July 15, 2023

https://doi.org/10.1021/acsomega.3c02911
ACS Omega 2023, 8, 26379—-26390


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammed+A.+Mannaa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mosaad+R.+Mlahi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+AL+Maofari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Awad+I.+Ahmed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shawky+M.+Hassan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c02911&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02911?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02911?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02911?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02911?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02911?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/29?ref=pdf
https://pubs.acs.org/toc/acsodf/8/29?ref=pdf
https://pubs.acs.org/toc/acsodf/8/29?ref=pdf
https://pubs.acs.org/toc/acsodf/8/29?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c02911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

metals that resulted from industrial wastewater before disposal
to the environment. Different methods have been reported for
the removal of these toxic metals includin§ ion exchange,
ultrafiltration, adsorption,33 reverse osmosis,”" etc. However,
the adsorption technique is considered one of the most
preferred techniques due to its advantages as low cost,
simplicity, and high efficiency.”** Various materials have
been applied as adsorbents for the removal of heavy metals
such as modified MCM-41,*° zeolite,*° activated carbon,’” etc.
However, some weaknesses were observed after the application
of these adsorbents. MOFs have been recently applied as
efficient adsorbents for different pollutants due to their features
like high surface area, tunable pore sizes and structure, and
stability in aqueous media.'” In addition, the tunability of their
surface structure made these materials more important in
different applications, especially as adsorbents of different
pollutants.”

In this work, mixed-component metal—organic frameworks
(Co,—Fe,_,—MOF) with different molar ratios of Co/Fe (0:1,
0.25:0.75, 0.50:0.50, and 0.75:0.25) were synthesized by a
solvothermal approach. The prepared samples were applied as
heterogeneous solid acid catalysts for the synthesis of 14-
phenyl-14H-dibenzo[a, j]xanthene and removal of some heavy
metals (Pb>" and Cd** ions). The surface acidity and the types
of acid sites [Lewis (L) and Brensted (B)] were determined by
potentiometric titration and chemisorbed of pyridine,
respectively. The parameters that affect the activity of samples
for the synthesis of xanthene and adsorption of Pb** and Cd**
ions were investigated.

2. EXPERIMENTAL SECTION

2.1. Materials. Ferric nitrate pentahydrate [Fe (NO;);:
9H,0, 99%] and cobalt nitrate hexahydrate [Co (NO;),
6H,0, 99% %] were obtained from Sigma-Aldrich. Tereph-
thalic acid (1,4-BDC, 99%) was supplied from Sigma-Aldrich.
N,N-Dimethylformamide (DMF, 99.5%), ethanol (99.5%), N-
butylamine, acetonitrile, lead nitrate, cadmium chloride, fS-
naphthol benzaldehyde, HNO;, and NaOH were supplied
from Sigma-Aldrich and used as received.

2.2. Synthesis of (Co,—Fe;_,—MOF). Bimetallic metal—
organic frameworks (Co,—Fe;_,—MOF) were synthesized via
a solvothermal approach according to previous literature
studies with slight modification:'*** A mixture of cobalt
nitrate and iron(III) nitrate with different molar ratios
(0.25:0.75, 0.50:0.50, and 0.75:0.25) was mixed with
terephthalic acid and dissolved in DMF (40 mL) under
continuous stirring for 1 h. The resulting homogeneous
mixture was moved to a Teflon-lined steel autoclave and then
transferred to an oven at 130 °C for 12 h. After that, the
autoclave was left to cool, and the resultant precipitate was
soaked in DMF for 1 day to remove the unreacted linker
(BDC) captured inside the pores and then soaked in distilled
water to remove any unreacted metal precursor loaded inside
the pores. After filtration, the resultant MOF was dried at 100
°C for 3 h. Also, monometallic Fe—=MOF was synthesized by
the same procedure without adding the cobalt precursor.

2.3. Characterization Techniques. The powder X-ray
diffraction (XRD) patterns of the prepared samples were
recorded using a Philips X'Pert diffractometer under Cu Ko
radiation. The morphology of the prepared samples was
measured by transmission electron microscopy (TEM, JEOL
JEM-2100). Fourier transform infrared (FT-IR) spectra were
examined using a Thermo SCIENTIFIC (NICOLET iS10)

FTIR spectrophotometer. Brunauer—Emmett—Teller surface
area (Sppr) and pore size distribution measurements were
performed with N, adsorption isotherms using a BELSORP-
mini II analyzer. Surface acidity was investigated by two
methods, non-aqueous potentiometric titration using an Orion
420 digital model and FT-IR spectroscopy of chemisorbed
pyridine.

2.4. Surface Acidity Measurements. 2.4.1. Non-aque-
ous Titration Method. In this method, total acidity (total
number of acid sites and acid strength) was achieved by
potentiometric titration.”” In the procedure, 0.05 g of the
sample was activated and suspended in 10 mL of acetonitrile
for 2 h. After that, the suspension was titrated with n-
butylamine (0.1 N) in acetonitrile, and the titration rate was
0.05 mL/min. The variations in the potential values of the
electrode were measured by an Orion 420 digital model.

2.4.2. Determine the Nature of Acid Sites. In this method,
the nature of acid sites (B and/or L) on the surface of samples
was examined by the FTIR spectra of chemisorbed
pyridine.””*® In the procedure, the samples were activated at
150 °C for 2 h under vacuum, and then the activated samples
were soaked in dried pyridine and left for 48 h. After that, the
samples were evaporated at 100 °C to remove the excess
pyridine.

2.5. Catalytic Activities. 2.5.1. Synthesis of Xanthene.
Generally, a mixture of 2-naphthol (2 mmol) and aldehyde (1
mmol) was stirred in a flask, and then 0.0S g of the catalyst was
added. The resultant mixture was heated at 125 °C for a
suitable time (completion of the reaction was monitored by
thin-layer chromatography). After that, the resulting product
was cooled to room temperature. The crude product was
heated in chloroform, and then the used catalyst was filtered
off. The resultant product was recrystallized in ethanol to form
14-phenyl-14H-dibenzo[a, j]xanthene, which is characterized
by the melting point (182 °C) and FTIR spectrum. The yield
percentage was calculated through the following relation

obtained weight of the product
X 100

(1)

2.5.2. Adsorption Studies. The adsorption efficiency of Fe—
MOF and Co,—Fe (,_,—MOF was investigated by the addition
of 0.03 g of sample into 100 mL of Pb** or Cd** ion solutions
in Erlenmeyer flasks and then shaken for 2 h at 150 rpm and
25 °C. The pHs of Pb** and Cd** suspensions were adjusted to
S and 7, respectively, by (0.1 M) HNO; and (0.1 M) NaOH.
The concentrations of metal ions were measured using a UV—
visible spectrophotometer. The effect of pH was studied in the
range of 3—7 by adjusting with 0.1 M NaOH and 0.1 M HNO,
solutions. The adsorption kinetics were carried out at the best
conditions over the prepared MOFs.

The adsorption quantity of Pb** and Cd>* ions at
equilibrium [g, (mg.g™")] was calculated from eq 2

Yield (wt%) =

theoretical weight of the product

(C,—C)V
¢ m 2)
where C, and C, are the equilibrium and initial concentrations

(mg-L™") of metal ions, respectively. m is the sample weight
(g) and V (L) is the solution volume.
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Figure 1. XRD spectra of Fe—MOF and Co,—Fe,_,—MOFs at different Co and Fe molar ratios.

3. RESULTS AND DISCUSSION

3.1. X-Ray Diffraction Analysis. The XRD patterns of
monometallic Fe—MOF and Co,—Fe,_,—MOF with different
molar ratios of Fe and Co ions are displayed in Figure 1. The
XRD patterns of the monometallic sample showed peaks
located at 260 = 9.3, 10.2, 11.6, 12.8, 16.8, 18.2, 19.4, 20.3, 22.7,
29.3, 33.5, and 41.6°, which are in good agreement with the
XRD patterns of pure Fe—MOF.'**~* On the other hand,
the XRD patterns of bimetallic Co,—Fe;_,—MOF showed
similar diffraction peaks to Fe—MOF. In addition, new
diffraction peaks were detected at 20 = 9.7, 14.1, 15.8, 204,
and 21.7° reflecting to Co—MOF."*** However, new peaks
were observed at 19.4, 44.4, and 69.1° with increasing cobalt
content to Coy,s—Fe;,;—MOF, indicating the a igregation of
cobalt oxide crystals on the surface of the sample.””** Also, the
positions of some peaks were changed with changed molar
ratios of Co and Fe ions, especially the peak located at 10.2°,
indicating the mutual effect of combination between Fe and
Co ions with the linker."” It is worth noting that the intensity
of peaks at 9.3, 9.8, and 10.2° increased after the addition of
Co ions (Figure 1). Moreover, the intensity of the peak at 9.7°
increased sharply in the case of Co,so—Fe, so—MOF, indicating
the strong interactions between the metals and the linker,
which may be resulted from the synergistic effect between Fe
and Co ions. In addition, increasing the intensity of peaks in
the case of Coy,5—Fej,s—MOF compared with other samples
indicates the well-developed crystallinity of Cog,s—Fe,s—
MOE.

3.2. TEM Analysis. The morphologies of mono- and
bimetallic samples were investigated as displayed in Figure 2.
The TEM images showed different shapes and particle sizes,
indicating the effect of Fe:Co ratios on the structural and
morphological properties of the samples. The TEM image
showed that Fe—MOF has low crystallinity compared with
other samples (Figure 2a). The TEM images of the bimetallic
samples displayed that the crystallinity and regularity of shapes
of particles improved after the addition of Co ions. Moreover,
increasing the molar ratio of Co ions compared with Fe ions
was accompanied by increasing the particle sizes (Figure 2b,d).
The samples that have a molar ratio of 0.50:0.50 of Fe and Co

Figure 2. TEM images of (a) Fe—MOF, (b) Coy,,s—Fe,;s—MOF, (c)
Cog.50—Feg5o—MOF, and (d) Coy-s—Feq,5—MOF.

ions showed needles and irregular octahedral shapes (Figure
2¢). However, Co,,s—Fe,,s—MOF that has 0.75 molar ratio of
cobalt displayed the best crystallites with regular octahedral
shapes as displayed in Figure 2d. According to these results, we
can conclude that the optimal molar ratios of Fe and Co ions
that can be taken is 0.50:0.50, where at this ratio, the strongest
interactions between these metal ions and the linker occurred
and the preferred shapes of the particles can result.

3.3. Sggr Measurements. The texture properties of Fe—
MOF and Co,—Fe,;_,—MOF samples have been investigated
by N, adsorption—desorption isotherms as displayed in Figure
3. The samples showed type-IV isotherms with secondary two
steep rises at the P/P, curve, indicating the existence of two
types of pores, micro- and mesoporous.'“*® The surface area
(Sger) and pore volume (V) of the prepared samples were
calculated, and the obtained values are listed in Table 1. From
the obtained results in Table 1, the values of Sgpr and V.

https://doi.org/10.1021/acsomega.3c02911
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Figure 3. N, adsorption—desorption isotherm at 77 K for Fe—=MOF and Co,—Fe,_ . —MOFs at different Co and Fe molar ratios.

Table 1. Physicochemical Properties and Catalytic Activity of the Prepared Catalysts

sample Sger m?/g Viore Cm’*/g E; (mV) no. of acid sites/g X 10" L/B ratio xanthene %
Fe—MIL101 924.2 0.545 140.34 9.64 81.5
Cogas—Fegs—MOF 1283.3 0.834 275.12 12.05 0.70 86.8
Cosy—Feqso—MOF 11048 0.802 3102 13.85 1.07 90.2
Cogys—Fega5—MOF 1017.6 0.681 250.76 10.84 120 915
(d)
(c)
o
o
S
= | (b)
»n
s
E |
°\° —\\f
v T v T v T 4 T v T v T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm)

Figure 4. FTIR spectra of (a) Fe—MOF, (b) Co,,s—Fey;5—MOF, (c) Coyso—Fey5o—MOF, and (d) Cog,s—Fe,s—MOF.

increased after the addition of cobalt and the sample with
Cogps—Feq75—MOF showed the highest Sppr and V.
indicating that the existence of Co and Fe ions together in
the same framework led to the creation of new pores and new
active sites on the surface of samples leading to enhancement
of Sgpr and me.2 However, increasing the molar ratio of Co
to 0.5 and 0.75 was accompanied by reduction in the Sggp and

26382

Vporer indicating the aggregation of cobalt oxide crystals on the
surface of Co,—Fe;_,—MOF. On the other hand, the size of
crystals increased by increasing the ratio of cobalt, which in
turn reduced the values of Sggr and V.. In addition, Figure
S1 (Supporting Information) shows the pore size distribution
curves of Fe—MOF and Co,—Fe,_,—MOF, where the samples
displayed two different sizes of pores, 11.05 and 24.8 A.
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Figure S. Potentiometric titration curves of Fe—MOF and Co,—Fe,_,—MOFs at different Co and Fe molar ratios.
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Figure 6. FTIR spectra of pyridine adsorbed over Fe=MOF and Co,—Fe, ,—MOFs.

Moreover, small shifts were observed toward the microporous
side with increasing the molar ratio of Co, indicating the
incorporation of a small amount of cobalt oxide crystals in the
pores which in turn led to a slight decrease in the pore sizes.

3.4. FT-IR Analysis. The FTIR spectra of Fe—MOF and
Co,—Fe,_,—MOF (Figure 4) displayed a broad band at ~3450
cm™ assigned to the v(O—H) of water and/or hydroxyl
groups.”*”** Also, another band appeared at 2930 cm™
attributed to the stretching vibrations of C—H. The main
characteristic bands appeared at 1662 cm™' assigned to the
stretching vibration of C=0 (—COOH) while the absorption
bands in the range of 1600—700 cm™' are related to the
vibration modes of aromatic rings in the linker.>** ™" Also, the
band that appeared at 1387 cm™ related to the asymmetric

26383

stretching of (C—0).” On the other hand, the bands that
appeared at 1155, 1102, 1062, 884, and 748 cm™ can be
attributed to (C—H) deformations of aromatic rings,”*” while
the bands that appeared at 673 and 613 cm™" ascribed to the
bending modes of (—COO~) groups in and out of the
plane.'>**** The characteristic bands that appeared in the area
under 600 cm™' were assigned to M—O (M = Fe &/or Co)
vibrations.”'* Tt is remarkable to note that no absorption
bands appeared in the range of 1705—1720 cm™', indicating
the occurrence of deprotonation of all the carboxyl groups in
the linker and no unreacted linker was remaindered on the
surface and/or pores of the prepared samples.”'” Also, the
positions of the bands were changed with the change in the
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Figure 8. Effect of Co/Fe molar ratios on acid strength on the yield percentage of xanthene.

molar ratio of Fe and Co, which may be resulted due to the
mutual effect between Fe and Co in the sample.

3.5. Surface Acidity Measurement. 3.5.1. Non-aqueous
Titration. The total acidity [acid strength and the total number
of acid sites (T,,)] of the prepared samples was determined by
the potentiometric titration method. The obtained curves are
shown in Figure 5, and the calculated values of the acid
strength and T, are listed in Table 1. The T, values were
calculated from the following equation®”

S

sites
8
_ steady point of plateau X mequiv ¢ 'XN
B 1000 ®3)

As shown in Table 1, the surface acidity (acid strength and
T,) enhanced after the addition of cobalt compared with Fe—

Total no. of acid

MOF, and the sample that has an equal molar ratio of Co5o—
Fey5o—MOF showed the highest surface acidity. However,
increasing the ratio of Co to 0.75 led to reducing the surface
acidity. Based on these results, the surface acidity increase with
increasing the ratio of Co compared with the monometallic
sample may be ascribed to the role of cobalt in enhancing the
acidity where the acidity improved after the addition of cobalt.
Moreover, the role of synergistic effect between Co and Fe
promoted the surface acidity of bimetallic samples.

3.5.2. Pyridine Adsorption. The types of acid sites (B and
L) on the surface of samples can be determined efficiently
using the adsorption of pyridine method. Figure 6 shows the
FTIR spectra of pyridine adsorbed on the prepared samples.
The samples showed typical bands at 1444 and 1638 cm™’,
where the absorption band at 1444 cm™ is attributed to the
coordinated pyridine to the Lewis acid sites (L), while the
absorption band at 1638 cm™ is assigned to the adsorption of
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Figure 9. Effect of recycle times on the activity of Coyso—Fey5c—MOF for xanthene production.
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Figure 10. Effect of pH solution on the adsorption of Pb?* and Cd** over Coyso—Feyso—MOF.

pyridine at Bronsted acid sites (B).”"** The ratios of Lewis/
Bronsted (L/B) acid sites were calculated from the integrated
area of the peaks at 1444 cm™' (L) and 1538 cm™" (B). Figure
6 and Table 1 illustrate that Fe—MOF has only Lewis acid
sites, while the bimetallic Co,—Fey,_,—MOF samples showed
both L and B acid sites. The intensity of both L and B peaks
was changed with the change in the molar ratios of Fe and Co
in the samples. In addition, Table 1 displays that the L/B ratio
increased with increasing the Co ratio, and the sample with
Cogso—Fepso—MOF gave the highest ratio of L/B. The
enhancement in the number of sites of both L and B sites
ascribes to the role of cobalt in the generation of new sites on
the surface of samples. Also, the effect of synergistic between of
two metals enhanced the strength acidity of these types. On
the other hand, increasing the molar ratio of Co up to 0.7 was
accompanied by reduction in the ratios of L/B.

3.6. Catalytic Activity. 3.6.1. Synthesis of 14-Aryl-14-H-
dibenzo [a,jlxanthene. 3.6.1.1. Effect of Molar Ratio of the
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Reactants. Figure 7 shows that the percentage of resulted
xanthene depended on the molar ratio of the reactants. The
reactions were achieved over Co,so—Fe,c—MOF under 120
°C. Different molar ratios were taken of Benzaldehyde: 2-
naphthol (1:1, 1:2, and 1:3) under solvent-free conditions.
Also, Figure 7 displays that the percentage of resulted xanthene
increased with increasing the molar ratio up to 1:2
(benzaldehyde:f-naphthol). However, increasing the molar
ratio to 1:3 was accompanied by decreasing the yield to 80%,
indicating that the molar ratio at 1:2 is the most appropriate.
The decrease in the yield percent at 1:3 resulted due to
increasing the concentration of S-naphthol and worked in
blocking of the active sites on the catalyst surface and
consequently hindered the reaction.””

3.6.1.2. Effect of Co/Fe Ratio Content. Figure 8 illustrates
the effect of Co/Fe molar ratios on the yield percentage of
xanthene. Table 1 illustrates that the yield percentage of
xanthene increased significantly after the addition of cobalt
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Figure 11. Effect of initial concentration of (a) Pb*" and (b) Cd** on the removal efficiency of the prepared samples.

compared with monometallic Fe—~MOF, indicating that the
addition of cobalt enhanced the catalytic performance of Fe—
MOFE. Also, Figure 8 and Table 1 showed that the varying of
molar ratios of Fe and Co in the sample affected the catalytic
activity of the samples, where Co,so—Fe(5o—MOF gave the
highest yield of xanthene compared with the other molar ratios
of Fe and Co, indicating that the best synergistic effect
between the contents of the samples occurred at these molar
ratios. Furthermore, Figure 8 and Table 1 display that the
percent yield of xanthene increased in the same trend as the
acid strength and L/B ratio. However, increasing the molar
ratio of cobalt (Coysy—Feysqc—MOF) led to a decrease in the
yield percent, which may be due to the accumulation of cobalt
oxide crystals on the catalyst surface, which in turn led a
reduction in the catalytic performance of Co,sy—Fe,so—MOF
toward xanthene production. Based on these results, the
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bimetallic samples showed remarkable catalytic performance
compared with the monometallic sample.

3.6.1.3. Catalyst Reusability. The reusability of the
prepared catalysts was investigated four cycles as shown in
Figure 9. The reactions were carried out under the same
condition over Cosy—Fes,—MOF. After each cycle, the catalyst
was retrieved by filtration, then washed with ethanol and
deionized water, and finally reactivated in an oven at 120 °C.
In addition, the effect of reuse times on the stability of the
catalysts was investigated by XRD and FTIR analyses as shown
in Figure S2. The results showed that no significant changes in
the structural properties were detected after four cycles,
indicating the high stability and excellent reusability of the
prepared catalysts.

3.6.2. Adsorption of Pb** and Cd**. 3.6.2.1. Effect of pH.
The pH of the solution is one of the important parameters that
affect the adsorption activity of the adsorbent due to the
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Table 2. Obtained Isotherm Parameters for Adsorption of Pb*>* and Cd** Ions over Fe—MOF and Co,—Fe,_,—MOFs

Langmuir isotherm

Freundlich isotherm

metal ion sample qn (mg/g) Ky, (L/mg)
Pb** Fe—MOF 120.8 0.06
Cog,5—Fey75—MOF 179.2 0.26
Cog.s0—Fes0~MOF 198.6 0.44
Cogs—Feqp—~MOF 169.3 0.16
cd* Fe—MOF 1153 0.03
Coy,5—Fey75—MOF 170.8 0.13
Cog so—Fep5o—MOF 183.5 0.19
Cog75—Fep,5—MOF 152.9 0.05

R? R, Ky (mg/g) n R?
0.9805 0.14 24.32 2.61 0.9926
0.9908 0.04 33.54 2.30 0.9231
0.9964 0.02 38.63 2.13 0.9183
0.9903 0.06 33.40 2.34 0.9231
0.9974 0.33 12.9 1.97 0.9698
0.9956 0.08 49.9 2.49 0.9729
0.9851 0.05 70.2 2.99 0.9789
0.9905 0.20 28.2 1.99 0.9882

Table 3. Kinetic Parameters Obtained from the Pseudo-First-Order and Pseudo-Second-Order Fitting on the Adsorption

Process of Pb** and Cd** over Fe—MOF and Co,—Fe,_,—MOFs

Ge(Bxp) (mg/ g)

pseudo-first-order

pseudo-second-order

metal ions sample e (mg/g)

Pb** Fe—MOF 1184 220.17
Cog,s—Fep75—MOF 177.5 302.48
Coyg.s0—Feg5o~MOF 1934 358.53
Coy75—Fegs—MOF 168.1 404.64

cd* Fe—MOF 1115 260.8
Cogps—Fep75—MOF 169.3 429.8
Copso—Fepso~MOF 182.2 597.3
Cog7s—Feps—MOF 154.5 962.9

K R? 9er (mg/g) K, x 107* R?
0.025 0.9526 121.6 7.36 0.9891
0.036 0.9883 176.2 9.44 0.9926
0.041 0.9714 201.3 17.79 0.9968
0.033 0.9132 162.2 12.29 0.9929
0.019 0.8382 123.1 3.6 0.9977
0.035 0.9659 187.2 83.6 0.9926
0.039 0.9713 195.3 92.9 0.9968
0.050 0.9715 172.1 1.6 0.9881

changes in the acid—base properties of the surface of the
adsorbent.” Figure 10 illustrates the adsorption of Pb** and
Cd** ions over Coys—Feys—MOF. The removal of these ions
was influenced by changing the pH of the solution and the
highest removal efficiency over Coyso—Fe50—MOF appeared
at pH = 5.0 of Pb** and 7.0 in the case of Cd** (Figure 10). At
low pH, the surface of the samples became more positive, and
the function groups were protonated which caused more
electrostatic repulsion between the surface of samples and Pb**
and Cd*" ions resulting in decreasing the removal of these
metal ions. In addition, an excess of H;O" was formed which in
turn competed the metal ions on the surface of the
adsorbent.””® On the other hand, increasing the pH of the
solution made the surface of samples more negatively charged
due to the deprotonation of functional groups on the surface of
samples and consequently enhanced the electrostatic attraction
of cationic metal ions on the surface of samples.

3.6.2.2. Effect of Initial Pb®>* and Cd®* Concentrations and
Adsorption Isotherms. The removal capacity of Pb** and Cd**
ions at different concentrations (25—200 mg/L) over the
prepared samples is shown in Figure 11. It is clear that the
removal amounts of both of Pb** and Cd** ions increased with
increasing the initial concentrations up to 200 mg/L and then
nearly steady constant (Figure 11). This may be due to the
saturation of the adsorption sites on the samples. The
bimetallic samples showed better adsorption capacity com-
pared to the monometallic sample.

Langmuir and Freundlich adsorption isotherms were
employed to analyze the equilibrium data and investigate the
adsorption behavior of Pb** and Cd** ions over the surface of
the prepared samples, and the equations of these models are
represented as follows

C 1

C
— = — + — (Langmuir model)

9, 4.k 49, 4)
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log q, = log K¢ + llog C, (Freundlich model) (s)
n

where K and Kg are Freundlich and Langmuir constants,
respectively, and ¢, and n are the maximum adsorption
capacity and adsorption intensity, respectively. Moreover, the
dimensionless separation constant R; is one of the main
features of the Langmuir model, which is given from the below
equation

1

"I+ KRG, (6)

The obtained isotherms are shown in Figures S3 and S4.
The isotherm parameters and the correlation factor coefhicients
(R?) were calculated and are listed in Table 2. From Table 2,
the values of R” for the Langmuir model were higher than that
calculated from the Freundlich model. Also, the values of
maximum adsorption capacities (qm) were in good agreement
with the corresponding experimental values (gegxp). More-
over, the obtained values of R, were between 0 and I,
indicating that the adsorption process of Pb*>* and Cd*" was
favorable. Also, the obtained values of K; and n are located
between 0 and 1, indicating the high adsorption intensity as
shown in Table 2. Based on these results, the Langmuir model
is the more appropriate for describing the adsorption processes
of both Pb** and Cd**. This indicates the homogeneity of
sample surfaces and formation of monolayer adsorption on the
surface of samples.

3.6.2.3. Effect of Contact Time. Figure SS shows that the
removal of Pb** and Cd** over Co,—Fe,_,—MOF increased
with increasing the contact time for 240 min. Also, the figure
depicts that bimetallic samples displayed more removal
efficiency compared with monometallic samples, indicating
that the addition of cobalt together with iron improved the
adsorption activity of samples by generation of new sites on the
surface of the samples. Also, Figure SS shows that the efficiency
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of samples for the removal of metal ions increased with
increasing the molar ratio of cobalt and the sample with Cogs—
Feys—MOF showed the highest removal efficiency compared
with other molar ratios of Co/Fe. In addition, the removal
rates of both Pb** and Cd*" increased rapidly with time, and
the adsorption reached equilibrium after 90 min.

3.6.2.4. Adsorption Kinetics. To study the adsorption
mechanism, pseudo-first-order kinetic and pseudo-second-
order kinetic models were applied as shown in Figures S6
and S7. The linear forms of the pseudo-first- (eq 7) and second
(eq 8)-order models are expressed as follows

In(g, — q) =Ingq, — kt )
t 1 t
p— 3 + i
q ki, 9. (8)

where g, and g, (mg/g) are the adsorption capacities of
samples at equilibrium and after time (t), respectively. K;
(min™') and K, (g/mgmin) are the rate constants of the
pseudo-first- and second-order adsorption models. The
adsorption kinetic parameters and R* were evaluated and are
summarized in Table 3. As can be seen in this table, the
calculated values of R* from the pseudo-second-order model
were found to be closer to unity compared with that calculated
from the pseudo-first-order model. In addition, the calculated
values of adsorption capacities (g,,) that obtained from the
second-order model were in better agreement than that of the
corresponding experimental values (qoexp). According to these
results, the pseudo-second-order model is more fitted to the
obtained results and more appropriate for description of the
adsorption behaviors of Pb*" and Cd*" ions over the prepared
samples.

To investigate the activity of our samples toward removal of
Pb** and Cd** from wastewater, we compared our results with
those previously reported works.”>*>” From Table S1
(Supporting Information), it can be observed that Co,—
Fe,_,—MOF showed excellent adsorption capacity compared
with other literature studies for adsorption of Pb** and Cd**.
This indicates that the prepared samples can be applied as
efficient adsorbents for the treatment of wastewater and
removal of heavy metals.

4. CONCLUSIONS

Monometallic and bimetallic (Co—Fe) MOFs with different
Co/Fe ratios were successfully synthesized. TEM results
displayed that the ratio of cobalt in the sample affects the
particle size. The molar ratio of CO/Fe in the samples played
the important role of influencing the sample properties. The
prepared samples were applied for the synthesis of xanthene
and removal of Pb** and Cd*" ions. The samples showed high
activity for the production of xanthene and removal of Pb**
and Cd** ions. It is noted that the bimetallic MOFs showed
more surface acidity and activity compared to monometallic
MOFs. Moreover, the surface acidity, catalytic activity, and
adsorption efficiency of bimetallic MOFs depend on the molar
ratios between Co and Fe where both acidity and activity
enhanced with increasing the cobalt ratio, and the optimum
molar ratio was Cogsp—Fey 5o—MOEF. Langmuir and Freundlich
models were applied to study the adsorption isotherms, and
the obtained data were fitted with the Langmuir model. Also,
the adsorption kinetics results obeyed the pseudo-second-order
model. The reusability and stability of the prepared samples

were investigated for four cycles, and no significant loss in the
activity was detected, indicating that the prepared samples
possess high stability and reusability.
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