Chemical Engineering Journal 430 (2022) 133088

ELSEVIER

Chemical
Engineering
.. Journal

Contents lists available at ScienceDirect
Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

Fe doped bimetallic HKUST-1 MOF with enhanced water stability for

Check for
updates

trapping Pb(II) with high adsorption capacity

Prateek Goyal?, Archini Paruthi®", Dhruv Menon “, Rakesh Behara 4 Ankit Jaiswal ¢,
Keerthy V¥, Ajay Kumar‘, Venkata Krishnan“, Superb K. Misra®"

@ Materials Engineering, Indian Institute of Technology Gandhinagar, India
Y Centre for Nano Science and Engineering, Indian Institute of Science, Bangalore, India

¢ Materials Science and Engineering, NTU, Singapore

4 School of Basic Sciences and Advanced Materials Research Center, Indian Institute of Technology Mandi, India

ARTICLE INFO

Keywords:

Metal organic framework
Bimetallic MOF

Doping, HKUST-1
Remediation

Lead removal
Adsorption

ABSTRACT

HKUST-1 Metal-Organic Framework (MOF), due to its coordinatively unsaturated metal sites, high surface area
and microporosity, is one the most prominent MOF candidates. Our study investigates the consequence of doping
iron into HKUST-1 MOF on its hydrostability, and demonstrates its usability for Pb(II) removal. A simple one-pot
solvothermal process was used to synthesize Fe doped HKUST-1 MOF with varying dopant concentrations of Fe
(5-20 mol%). Through various characterisation techniques (XPS, XRD, FTIR, ICP-OES) and MD simulations we
demonstrated the incorporation of Fe into the HKUST-1 framework, which happened through Fe substituting the
Cu(Il) sites. Water stability studies using experimental and modelling approaches demonstrated that partial
substituted Fe-HKUST-1 MOFs have a greater surface area retention with very little loss in crystallinity as
compared to pristine HKUST-1 MOF. Fe substitution of as low as 5 mol% yielded a significant enhancement in the
hydrostability of HKUST-1 MOFs, wherein the structure was intact for up to 10 hrs of water treatment. Similarly,
5 mol% Fe doping had a 53% reduction in the amount of Cu being leached out from the HKUST-1 MOF
framework. Fe doped HKUST-1 MOFs showed exceptionally high Pb(II) selectivity, Pb(II) removal efficiency of
> 90%, and a high Pb(II) adsorption capacity of 565 mg g~_. This study opens up the possibility of using doping
as a strategy to enhance the hydrostability of HKUST-1 MOF and in the process improve its applicability for
environmental remediation applications.

1. Introduction

structures specialized for the application at hand. This opens up the
possibility of having up to 90% porosity and internal surface areas as

Porous materials have emerged as a very useful class of materials
owing to the great amount of control they offer over the size and uni-
formity of the porous space [1]. This makes them very useful in appli-
cations like gas storage, gas or vapour separation and drug storage and
delivery [1-4]. Porous materials have traditionally been classified as
either inorganic or organic, each having their own merits and demerits.
In order to incorporate the properties of both these classes of materials,
metal-organic frameworks (MOFs) (porous coordination networks) were
developed [2,3]. Metal-organic frameworks (MOFs) are hybrid organic-
inorganic crystalline materials characterized by very high porosity and a
huge internal surface area [5]. The greatest asset of MOFs is the flexi-
bility in controlling the geometric size and functionality of its constit-
uents without altering the underlying topology, allowing the creation of
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high as 1000-10000 m?/g. The large pores of MOFs (higher than inor-
ganic and organic porous materials) can be exploited as reaction vessels,
for the storage of large molecules or for the conduction of ions [5].
However, MOFs can have poor framework stability and poor control
over polymer dimensionality. These MOFs used to lose their porosity
and collapse in mild conditions on the removal of solvents [6].
HKUST-1 is a MOF composed of copper ions coordinated via 1,3,5
benzenetricarboxylate (BTC) ligands, forming face-centred cubic crys-
tals containing large square shaped pores [7]. HKUST-1 is widely
investigated for catalysis [8], liquid-phase separation, methane storage
and toxic gas removal [2,9]. HKUST-1 has also shown to be both an ionic
and electrical conductor. These properties and the commercial avail-
ability has allowed HKUST-1 to also be used for removing metal ion
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Fig. 1. (A) Schematic for illustrating doping in HKUST-1 MOF. (B) The Cu-based paddlewheel structure. Site 1 and site 2 are two potential sites that can be doped
with Fe(IlI). FE-SEM images of (C) HKUST-1, (D) Feg s HKUST-1, (E) Feop; HKUST-1 and (F) Fep o HKUST-1.

impurities from water. HKUST-1 MOF showed a good removal efficiency
for various heavy metals and rare earth elements, with an adsorption
capacity of 234 mg g’l for Ce (III) and 203 mg/g for La (III) ions [10],
and 714 mg g~! for Hg (II). [11] Recent studies have also shown HKUST-
1 to be an effective removal of Pb(II) with an adsorption capacity of 610
mg g~ 1. [12] However, the HKUST-1 MOF due to their open structure
are also hydrolytically unstable, which limits its applications.

HKUST-1 framework has an array of 32 Cu-Cu paddlewheels per unit
cell. [13] The structure of the HKUST-1 framework is supported by co-
ordination bonds that are labile in nature. Owing to this, multiple factors
like the presence of metal-ions, coordination geometry and operating
environment can affect the stability of the framework [14]. Although
studies have shown that HKUST-1 has a higher affinity towards water
compared to other MOFs, experiments conducted by Kusgens et al. have
shown that on the immersion of HKUST-1 in water at 323 K, there is an
irreversible change in the structure of the MOF [8]. HKUST-1 has open
metal sites with a main pore of diameter approximately 9 A that allows
access to the unsaturated copper sites, making it hydrophilic as
compared to smaller pores of about 6 A diameter which are surrounded
by benzene rings. These hydrophilic sites preferentially absorb water
[15]. Experiments have shown that the water adsorption isotherm of
open metal frameworks like HKUST-1 are similar to zeolites. While
PXRD patterns of HKUST-1 exposed to water indicate that the crystalline
structure is more or less intact, BET studies show that there is a major
decrease (approximately 50%) in the surface area of the MOF indicating
structural loss [15,16]. Studies have also shown that the structural
integrity of the HKUST-1 framework was maintained up to 0.5 mol
equivalent of water with respect to copper but the framework decom-
posed at higher amounts of water [15]. The poor water stability of
HKUST-1 significantly limits its potential applications.

When a MOF is exposed to water, it undergoes decomposition
through either a ligand displacement reaction and/or through hydro-
lysis [17]. One way to prevent the decomposition of the framework is to
strengthen the bond between the coordination group and the inorganic
cluster [14,17]. While techniques such as chemical vapour deposition of
perflouroalkanes on HKUST-1 [18], and formation of a methyl-shielding
microenvironment around the MOF [19] have been used to increase the
stability of the framework, a somewhat lesser investigated approach is
the doping of HKUST-1 with high-valency ions. The presence of a second

metal ion within the framework of MOFs allows controlling the various
physicochemical properties of these bimetallic MOFs. [20,21] Re-
searchers have used the doping strategy to tailor the coefficient of
thermal expansion of ZIF-8 by cadmium doping [22]; improve the
electrical conductivity of Cu-BTC MOF by cobalt doping. [23] Bimetallic
MOFs are also being explored as cathode materials for lithium ion bat-
teries. [24]

In this study, 5% and 10% Fe doped HKUST-1 were prepared and
hydrostability of the framework was observed. The effect of this stable
MOF was further utilized for Pb(II) removal with a very high specificity.
Undoped and doped MOFs were synthesized using the solvothermal
method, and characterized using a range of analytical techniques [12].
Water stability and Pb(II) adsorption studies were performed wherein
the adsorption kinetics parameters and adsorption isotherm parameters
were computed. Specificity and reusability studies were also performed
on the hydrolytically stable HKUST-1 MOFs. In order to complement the
results obtained, molecular dynamics (MD) simulations using ReaxFF
[25] were performed to determine the relative water stability of the
undoped and doped MOFs.

2. Experimental
2.1. Preparation of Fe doped HKUST-1 MOF

Trimesic acid (H3BTC), cupric nitrate trihydrate (Cu(NO3)2-3H20),
ferric chloride hexahydrate (FeCl3-6H;0) and ethanol of analytical
grade were used. Fe doped HKUST-1 MOFs were synthesized by a one-
step hydrothermal method with varying Cu:Fe mole ratios (Fig. 1(A)).
Three different Cu:Fe mole ratios (95:5, 90:10 and 80:20) denoted Feg o5
HKUST-1, Fep; HKUST-1 and Fepo HKUST-1 were prepared in this
study. For the synthesis of pristine HKUST-1 MOF (undoped MOF),
typically the solution of trimesic acid (3.5 mmol) in 25 mL ethanol:
deionized water (1:1) and cupric nitrate trihydrate (5 mmol) 25 mL
ethanol: deionized water (1:1) was magnetically stirred, separately.
Both the solutions were mixed and stirred for 1hr. The above solution
was transferred to a Teflon vessel and heated at 110 °C for 18 hrs. The
desired product was washed using centrifugation multiple times in
ethanol: deionized water (1:1) to remove the unreacted precursors, tri-
mesic acid and other guest molecules. The precipitate was vacuum dried
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Fig. 2. (A) XRD pattern of all variants of HKUST-1, (B) N5 adsorption-desorption isotherm profiles of doped HKUST-1 variants, (C) thermal degradation profile of all
the samples, (D) FTIR spectroscopy measurements on the MOF variants, (E) isoelectric point assessment of MOF variants in deionised water with a MOF concen-
tration of 1000 mg L%, (F) XPS survey spectra and (G) XPS high-resolution O 1s spectra of all MOF variant prior to Pb(II) adsorption.

in the oven at 60 °C. The obtained blue HKUST-1 MOF powder was then
activated to remove the trapped solvent molecules inside the pores
(110 °C for 12 hrs under vacuum) to get good quality MOF crystals with
high surface area and porosity. Fe doped MOF samples (FeyHKUST-1, x:
0.05, 0.1 and 0.2) with varied Cu:Fe mole ratios were prepared similar to
the undoped HKUST-1. A desired amount of Ferric chloride hexahydrate
was added in the cupric nitrate solution to attain the desired Cu:Fe ratio.

2.2. MOF characterization

Powder X-ray diffraction (PXRD) studies were carried out using XRD
(Bruker D8 Discover, Cu-Ka, 40 kV, 30 mA, 260 range of 5°-80°) for phase
identification and to check the phase purity of all the MOF variants. The
equations used to calculate crystallite size and % crystallinity is
mentioned in supporting information (Equation 1 and 2). Relative
crystallinity was calculated using the characteristic peaks of HKUST-1
MOF (at 20 = 5° to 20°). Scanning electron microscopy (JEOL

JSM7600F) and EDX analysis was performed to characterize the
morphology, elemental analysis and distribution. The MOF samples
were sprinkled on carbon tape and were subjected to gold coating before
SEM analysis. Thermo-gravimetric analysis (PerkinElmer TGA4000) was
performed on all the synthesised MOF samples under N5 conditions from
25 °C to 600 °C at a heating rate of 10 °C min !. To ascertain the
structure and functional group present in MOF, FTIR analysis (Spectrum
Two, PerkinElmer) was conducted on the synthesised MOFs using ATR
FTIR mode (wavenumber: 4000 cm ! to 400 cm1). BET surface area of
the MOFs was determined using Micromeritics—3 Flex 3500 system at
77 K. MOF samples were degassed at 150 °C under Ny atmosphere
overnight before BET surface area analysis. The porous nature (pore
diameter and pore volume) and surface area of MOF were measured
using No adsorption-desorption isotherm. X-ray photoelectron spec-
troscopy (Thermo Scientific, NEXSA XPS, Al K o, 1486 eV and 72 W) was
employed to investigate the surface chemical composition, the valence
state of metallic species and assess the metal-ligand binding. High-
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resolution spectra of C 1s, O 1s, Cu 2p, Fe 2p and Pb 4f were captured at
CAE with pass energy and step size of 50 eV and 0.100 e, respectively.
XPS data was acquired with the dwell time and step size of 700 s and 0.1
eV. The binding energies for all the elements and samples were corrected
as per adventitious carbon reference at 284.6 eV. ICP-OES analysis was
performed to determine the doping per cent in Fe doped HKUST-1 MOF.
For ICP-OES analysis, the MOF samples were digested in aqua regia at
60 °C. Suspension stability studies were performed on Malvern Zetasizer
(NanoZS) by measuring the isoelectric point (1000 mg L™! concentra-
tion) in deionised water.

2.3. Water stability study

HKUST-1 MOF samples (HKUST-1, Feg o5 HKUST-1, Feg; HKUST-1
and Fepo HKUST-1) were suspended in deionized water (1000 mg
L™1) for 2 hrs. At a specific time point (2 hrs) an aliquot was withdrawn
from the suspension and filtered using 0.22 pm syringe filter. The
filtered solution was analysed in ICP-OES to determine the release of Cu
and Fe ions from the MOF. The HKUST-1 and Fe doped HKUST-1 MOF
powder samples from the suspension were centrifuged out and dried in
the oven at 100 °C under vacuum for further characterisation. The dried
powders were analysed using XRD, FTIR, XPS for structural stability.
BET study was also performed to examine the porous nature and surface
area of HKUST-1 MOF after treatment with deionised water.

2.4. Batch adsorption study

Pb(II) adsorption studies were carried out at various Pb(II) initial
concentrations (10-1000 mg L) using HKUST-1 MOF and Fe doped
HKUST-1 MOF. Pb(Il) adsorption experiments were carried out in a
controlled dynamic environment (25 °C, 200 rpm). The adsorption of Pb
(II) and corresponding transformation in the structure of MOF due to
adsorption was confirmed through XPS analysis. Adsorption kinetics
experiments were conducted at 25 °C for up to 12 hrs, using a starting Pb
(II) concentration of 500 mg L™ and the adsorbent dosage fixed at 1000
mg L1, Aliquots were collected at different time intervals and analyzed
using ICP-OES for identification of residual Pb(II) concentration. Similar
procedure as used for kinetic studies was also employed for thermody-
namic studies (Temperature: 25 °C, 30 °C and 40 °C) and adsorption
isotherm studies (Pb(II) concentration: 10-1000 mg L’l).

2.5. Modelling and computational details

ReaxFF is a first principle-based reactive molecular dynamics simu-
lation and it was performed on HKUST-1, Feg s HKUST-1, and Feg;
HKUST-1 to compare the relative hydrolytic stability of the three
frameworks and correlate it to experimental observations. The initial
structure of HKUST-1 was taken from PXRD results by Chui et al. [7],
and the framework was manually doped to 5% Fe and 10% Fe. The Cu-
based paddlewheel structure opens the possibility of two configurations
on doping. On site 1 being doped with Fe in the Cu-based paddlewheel
(Fig. 1(B)), it might become favourable for site 2 to be doped with Fe
(named configuration 1). The alternate possibility is that another site
outside the current Cu-based paddlewheel gets doped (named configu-
ration 2). Both configurations of Fey s HKUST-1, and Fep; HKUST-1
were subjected to energy minimization under the application of a
stress tensor to allow the simulation cell size and shape to vary. The
lattice constant of the final configuration was then compared to the
experimentally observed lattice constant in order to determine the most
likely configuration. All further simulations were carried out on that
configuration. MD simulations under the isothermal-isobaric (NPT)
ensemble were performed to probe the volume change of undoped and
doped MOFs at different water weight contents at 100 K and 1 atm. The
initial structures of MOFs with different weight percentages of water
were prepared using Packmol [26], where water molecules were
distributed randomly within the free volume of undoped and doped

Chemical Engineering Journal 430 (2022) 133088

Table 1
Details of the samples used in this study.

Sample ID Sample Lattice Surface area Pore volume
details parameter A (m? g'l) (em® g'l)
HKUST-1 Undoped Cu- 26.514 876.5 0.390
MOF
Feg.osHKUST- 5 mol% Fe 26.145 522.6 0.232
1 doped
Feo HKUST-1 10 mol% Fe 25.888 438.9 0.161
doped
FeooHKUST-1 20 mol% Fe - 158.3 0.028
doped

MOFs. The MD simulations were performed up to 500 ps with a timestep
of 0.5 fs. In order to probe the collapse of MOF structures on exposure to
different concentrations of water, the volume of the MOF was plotted
against the weight percentage of water after 500 ps.

3. Results & discussions
3.1. HKUST-1 and Fe doped HKUST-1 characterization

HKUST-1 MOF samples with and without Fe doping showed an
octahedral geometry (Fig. 1(C-F)), which is consistent with the structure
reported in the literature [27,28]. It can be observed from SEM micro-
graphs that the octahedral morphology of HKUST-1 MOF was retained
while incorporating Fe ions. Distortion in the octahedral morphology
was observed for Feg o HKUST-1 MOF, which could be due to the for-
mation of a new phase in the system that was also observed through XRD
(Fig. 2 (A)). To further confirm the distribution of Cu and Fe in doped
HKUST-1 MOF, EDS elemental mapping was performed (Supporting
Information, Fig. S1). XRD studies confirmed the HKUST-1 MOF and Fe
doped HKUST-1 MOFs to be crystalline and have a face-centred cubic
crystal structure [7]. A peak shift was recorded at higher angles for
Feg.0os HKUST-1 and Fej ; HKUST-1, which is consistent with the change
in the lattice parameter of the host material due to doping [29]. In our
case, the Fe doped HKUST-1 MOF showed a decrease in the lattice
parameter. As the ionic radius of Fe3* (60 pm) is lower than cu®t (73
pm), this will cause compressive stress in the unit cell of MOF, which
results in a decrease in the lattice parameter reported in Table 1, which
is well justified with the XRD pattern. The amount of Fe doped in
HKUST-1 MOF was measured using ICP-OES and the measured values
were, Feg gs HKUST-1: 4.9%, Fep.1 HKUST-1: 11.9% and Fep o HKUST-1:
26.8%.

HKUST-1 MOF showed a very high specific surface area of 876.5
m?g! and exhibited type I isotherm. However, on 5% Fe doping there
was a 40% reduction in specific surface area, followed by 50% reduction
in the case Fep 1 HKUST-1 and 82% reduction in the case of Feg » HKUST-
1 (Table 1), and all the doped variants followed type IV isotherm
because of the presence of mesopores (Fig. 2(B)). The decrease in BET
surface area and pore volume for doped HKUST-1 MOF can be attributed
to the presence of mesopores and pore-blocking while desorption [30].
Thermal stability studies shown in Fig. 2 (C), indicates that for HKUST-1
MOF and doped HKUST-1 MOF, there is 20-30% weight loss below
200 °C, associated with the evaporation of water and other solvent
molecules. Another major weight loss observed between 250 °C and
500 °C is attributed to the framework decomposition of HKUST-1 MOF
[7]. The loss in weight of HKUST-1 MOF is more as compared to doped
HKUST-1 MOF because of the stronger coordination of the Fe-O bond
than the Cu-O bond. FTIR spectrum of HKUST-1 MOF and doped
HKUST-1 MOF is shown in Fig. 2 (D). FTIR spectrum of HKUST-1 and
doped HKUST-1 shows a broad adsorption band appearing around 3400
em™! to 3000 cm™!, which is attributed to O-H bond stretching. For
HKUST-1 MOF, the vibrations peaks present at 1644 cm land 1447
em™! can be attributed to the asymmetric stretching of the carboxylate
group and the vibration band at 1370 cm™! can be assigned to the



P. Goyal et al.

Fep 2 HKUST-1

(A)

Feg o HKUST-1 (Water Exposed)

Feg_q HKUST-1
—— Feg q HKUST-1 (Water Exp )

——Fep g5 HKU

l N ——Feq g5 HKUST-1 (Water Exposed)
— HKUST-1
f a ﬂ lﬂxusm (Water Exposed)

T

20 59 25 30 35 40

Intensity (a.u)

5 10 15

141 (€)

% lons Release

Fe 405 HKUST-1| Fe ,, HKUST-1| Fe ,, HKUST-1

HKUST-1

(E)

—(BE)

— (8|

208 omiieN. o]

ission

% Transm

2000 1800 1600 1400 1200 1000 800
Wavenumber cm1)

Volume (A%

Chemical Engineering Journal 430 (2022) 133088

1000

(B)

Before | After [Before | After |Before | After |Before | After

HKUST-1 [Feyo5 HKUST-1 [ Fey, HKUST-1 [ Fe,, HKUST-1

(D)
e’ HKUST-1—e— Feg g5 HKUST-1

2,0x10* oo

1.8x10*

1.6x10*

1.4x10* -

1.2x10%

1.0x10% Ly . : : : :
0 1 2 3 4 5

Water Content (wt%)

Fig. 3. Hydrolytic stability studies on HKUST-1 variants after water treatment for 2 hrs using (A) X-ray diffractograms, (B) BET surface area, and (C) ions release
study using ICP-OES. (D) Simulated volume change of undoped and doped HKUST-1 as a function of water content using reaxFF. (E) FTIR spectrum (where (BE) is
MOF before exposed to water and (AE) MOF after exposed to water (MOF concentration of 1000 mg L' and pH 6.5) .

symmetric stretching of the carboxylate group [31]. For the doped
variants of HKUST-1 MOF, a slight shift in the asymmetric stretching
band of carboxylate group (Fepos HKUST-1: 1643 em™), 1447
em ™ (Vasymm(COO)), Feg1 HKUST-1: 1635 cm™, 1444 cm™!
(Vasymm(COO))  and ~ Fegp HKUST-1: 1631 em™), 1432
cm_l(uasymm(COO))) was observed, suggesting that Fe forms a coordi-
nate bond with the carboxylic acid group of BTC linker in HKUST-1 MOF
[32,33]. The vibration band at 728 cm ™! and 489 cm ™ can be attributed

to the stretching vibration band of Cu—O [31,34]. Moreover, a new
vibration band appeared in the doped variants at 711 cm™! and 534
em™!, attributed to the Fe-O vibration band confirming the presence of
Fe and coordination of Fe with the carboxylate group [32,33]. Zeta
potential vs pH study for undoped and doped HKUST-1 MOF variants
was carried out to find the isoelectric point (IEP). As shown in Fig. 2(E),
the IEP for HKSUST-1 MOF remained the same (~2.7) after doping with
Fe. This suggests that Fe doped MOF can also be efficient to remove Pb
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Fig. 4. SEM images of HKUST-1 MOF, Feq ¢s HKUST-1 MOF, Fey; HKUST-1 MOF and Fej, HKUST-1 MOF before and after exposure to water for 2 hrs (MOF

concentration of 1000 mg L' and pH 6.5).

(I1) above pH 3.

The aromatic carbon (C—C), C—OH/C—O—C and carboxylate car-
bon(C=0) in C 1s spectra of MOF appeared at 284.6 eV, 286.2 eV and
288.4 eV respectively [35]. The deconvolution of O 1s spectra at 531.6
eV, 529.8 eV and 533.3 eV correspond to O—C—0, M—O and -OH
linking, respectively (Fig. 2(F,G)) [36]. Based on Cu 2p3,, region, cu®t
and Cu™ was distinctly resolved at 934.6 eV and 932.7 eV respectively.
Similarly, for Cu 2p, /; region, Cu?" and Cu™ peaks were resolved at
954.4 eV and 952.5 eV respectively (Supporting Information, Fig. S2)
[37]. The XPS confirmed that the central atom of the framework con-
sisted of Cu®*, even in the case of the doped Fe?* structure. The binding
energies of the satellite peak for Fe 2p; /5 are at approximately 729 eV
(Fig. 5 (A-C). Peaks at 711.2 eV and ~726 eV correspond to Fe3* |
however ~710 eV and 723.8 eV correspond to Fe®" state [38]. The ratio
of Cu/Cu?®" increased from 3.04 to 6.52 with increasing percentage
doping of Fe into HKUST-1 which confirms the replacement of Cu?* on
doping. The ratio of Fe?*/Fe3" increases for Fe doped HKUST-1 as
compared to pristine HKUST-1. The metal to ligand binding was
observed at the 529.49 eV for pristine HKUST-1, however, an increase in
the binding energy by 0.32 eV on doping Fe reflects increased stability
due to the higher valency of Fe. With 10% Fe doping into HKUST-1 the
Fe?"/Fe3™ ratio is found to be the highest which reflects in the decline of
metal-ligand binding by ~1.5% due to downplay of the higher valence
state of Fe (Supporting Information, Table S1). The coordinated
carboxylate group also signifies higher stability. An increase in the
percentage of coordinated carboxylate group (~COO group) from 86% to
approximately 89% in addition to a decline in the uncoordinated
carboxylate species on doping HKUST-1 with Fe signifies higher stability
in the metal-organic framework.

Energy minimization under the application of a stress tensor for both
ReaxFF and UFF indicated that for both 5% Fe doped and 10% Fe doped
HKUST-1, configuration-2 is more likely than configuration-1. We arrive
at this conclusion by comparing the lattice parameters for both config-
urations to the experimentally obtained lattice parameter (Table 5).
Both ReaxFF and UFF can accurately predict the lattice parameters with
UFF showing better results.

3.2. Hydrolytic stability studies: Experimental observations

Water stability of MOF depends on the Metal-Ligand (M-L) bond

strength. The weaker the M-L bond strength, the more prone the MOF is
to degrade/decompose in presence of water. M-L bond strength can be
improved by selecting a metal ion with high charge density and high
coordination ability (high charge, small ionic radius and high polarizing
features). 200 mg of MOF samples were soaked in 200 mL of deionized
water for 2 hrs, and its stability was evaluated by calculating relative
crystallinity, analyzing phase purity, examining the morphology
changes, calculating the changes in surface area and pore volume,
measuring the metal ion release, and surface transformation using FTIR
and XPS. XRD analysis on HKUST-1 MOF after exposure to water shows
damage to the structure and to its relative crystallinity. The character-
istic peak of HKUST-1 MOF at 26 = 11.7° corresponding to (222) plane
(Fig. 3(A)) diminished after 2hrs of treatment in water and the emer-
gence of new diffraction peaks. The relative percentage crystallinity for
water exposed HKUST-1 MOF with reference to pristine HKUST-1 MOF
was 33.4%, suggesting degradation of MOF structure after 2 hrs of
treatment with water. The structural damage of HKUST-1 MOF is due to
the presence of the labile Cu-O bond involved in the paddle-wheel,
which hydrolyzes in the presence of an energetically favourable HyO
molecule [39]. XRD spectra of water treated Fegos HKUST-1, Feqp;
HKUST-1 and Feg » HKUST-1 MOF showed a better match with the un-
treated samples, with the characteristic peak (222) being retained post
water treatment. However, some new phases were also formed for Feg g5
HKUST-1 MOF, as indicated by new diffraction peaks at 20 = 9.32°,
10.04° and 11.02°. As a measure of improved stability, the relative
crystallinity of all the MOF variants was compared with respect to un-
treated samples. The relative crystallinity calculated for Feg g5 HKUST-1,
Feo.1 HKUST-1, Feg» HKUST-1, and HKUST-1 MOF was 0.86, 0.84 and
0.44, and 0.33, respectively. The relative crystallinity for Fe doped
HKUST-1 MOF is much higher than undoped HKUST-1 MOF.

2 hrs of water treatment resulted in a loss of 93.3% (reduction from
877 m? g1 to 58 m? g'1) in specific surface area and 93.5% loss in the
pore volume of HKUST-1 MOF (Fig. 3(B)). This indicates that the
transformation of the crystal phase and degradation of HKUST-1 MOF is
due to the collapse of the pore geometry. In contrast, Fe doping resulted
in less reduction of the surface area and pore volume. Feg s HKUST-1
MOF showed promising retention of surface area and pore volume,
with only 11% reduction in surface area and pore volume. However,
adding more dopant did not yield a better retention of the porous ar-
chitecture of the MOF, whereby for Fep ; HKUST-1 MOF there was a 58%
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Fig. 5. Fe 2p XPS spectra of (A) Feg os HKUST-1, (B) Feg; HKUST-1, and (C) Feg» HKUST-1. (D) C1s XPS spectra of (D) HKUST-1 and Fej o5 HKUST-1, and (E) Feg ;
HKUST-1 and Fey, HKUST-1 MOF before and after exposure to water (MOF concentration of 1000 mg L' and pH 6.5) .

reduction of specific surface area and 52% loss in pore volume. The
degradation of the surface of HKUST-1 MOF can also be seen through the
SEM micrograph (Fig. 4), wherein the octahedral morphology of
HKUST-1 MOF got transformed to flake like structure after 2 hrs of water
treatment, indicating the structural and morphological degradation of
HKUST-1 MOF. Long term stability study for up to 18 hrs was also
carried out for HKUST-1, Feg ¢os HKUST-1 and Fep; HKUST-1. The XRD
pattern and SEM study as shown in Fig. S3, indicated the doped variants
to be hydrolytically stable even for up to 10 hrs. (Supporting informa-
tion, Fig. S3). While in the case of Fe doped MOF, octahedral
morphology of the MOF was retained. In the case of Feg s HKUST-1

MOF, it was observed that with the octahedral morphology, there
were some flake-like structures (which may be due to the formation of
new phases which correlates with the XRD data (Fig. 3(A)). In the case of
Feg.;1 HKUST-1 and Fej » HKUST-1 MOF, the octahedral morphology was
retained. Cu and Fe release studies were also carried out to study the
compositional stability of HKUST-1 MOF. Release of Cu from the MOF
got reduced from 11.7 + 0.45% for HKUST-1 MOF to 5.48 + 0.12%,
3.61 £ 0.09% and 3.30 =+ 0.1 % for Feg o5 HKUST-1, Fey.; HKUST-1 and
Feg.o HKUST-1 MOF, respectively (Fig. 3(C)). The leaching of Cu ions
from Fe doped MOF is lesser than undoped HKUST-1 MOF, suggesting
improved stability of MOF due to doping. From FTIR spectra (Fig. 3(E))
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of water exposed HKUST-1 and Fe doped HKUST-1 MOF, the appearance
of vibration peak at 1265 cm ™! was observed, which is attributed to C-
OH bending vibration. Presence of C-OH vibration band in water
exposed samples is the evidence of partially uncoordinated trimesic acid
(linker). The area under the curve for the C-OH vibration band was
calculated to be 7.523, 2.63 and 4.022 for HKUST-1, Fe( o5 HKUST-1 and
Fep.; HKUST-1 MOF respectively. This signifies that, HKUST-1 MOF
shows higher levels of uncoordinated trimesic acid after exposure to
water as compared to Fegos HKUST-1 and Fep; HKUST-1 MOF. On
exposure of the pristine and doped HKUST-1 to water there was a
consistent increase in the ratio of Fe?* /Fe3* (Fig. 5 (A-C)). Decline in the
higher valency counterpart reflects decline in the stability of the metal
organic framework post water exposure. There was also a decrease in the
binding energy of uncoordinated carboxylate species by ~0.1-0.3 eV.
The shift in the binding energy was highest for the pristine HKUST-1 as
opposed to Fe doped HKUST-1 signifying lower stability of the MOF in
its pristine form (Supporting Information, Table S2).

3.3. Hydrolytic stability studies: Simulation approach

Generally, in the case of HKUST-1 MOF (open metal sites), the water
molecule attacks the weak Cu—O coordination bond, causing decom-
position of HKUST-1 MOF. Clustering of water molecules in the pores of
HKUST-1 MOF happens and leads to a chemical reaction with the MOF.
The metal ion or inorganic building unit with high coordination and
charge density will polarize the oxygen atoms of the benzene tri-
carboxylate group to form a stronger metal-oxygen bond. Fe(III) metal
ion has higher coordination capability and charge density (High Spin:
349 C mm’S)) than Cu(Il) ion (116 C mm’3), resulting in improved
hydrolytic stability of HKUST-1 MOF due to the formation of strong
secondary construction by strong Fe-O chemical bond [40]. The pres-
ence of Fe ions in the crystal forms a strong Fe-O bond which also pre-
vents the collapse of pore geometry. Surface area analysis, morphology
study and Cu ions released study confirms that Fe doping improves the
hydrolytic stability of HKUST-1 MOF. The stability of all the MOF var-
iants was also evaluated at 3 different pH (pH 3, pH 5, and pH 7).
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Table 2
Adsorption kinetics parameters for Pb(II) adsorption. (Pb(II) Concentration (Cp):
500 mg L™}, adsorbent concentration: 1000 mg L~! and initial solution pH 5).

Pseudo-first-order Pseudo-second-order

ky Qe R? ko (g mmol ! Qe R’
(min~1) min~1)
HKUST-1 0.047 1427  0.443  0.001924 4587  0.997
Feo.os 0.041 206.7 0.655  0.000896 450.4  0.998
HKUST-1
Feo1 0.003 283.4 0.931  0.000072 3115  0.978
HKUST-1

HKUST-1 MOF showed poor stability at low pH (3-5) (Supporting in-
formation Fig S5 and Fig S6). However, the doped variants in compar-
ison showed a better stability across the entire pH range (as indicated by
the XRD, SEM, and Cu(II) release data).

ReaxFF is a first principles force field intended towards describing
the breaking and formation of bonds [25] and has been previously used
to study the hydrolytic and thermal stability of MOFs [41-43]. The Cu/
C/H/0 parameters for ReaxFF were taken from van Duin et al. [44] and
the Fe/C/H/O parameters were taken from Shin et al. [45]. For each
MOF, the volume as a function of water content (in wt.%) was simulated
at 100 K and 1 atm. All MOFs investigated in the study showed the same
trend (Fig. 3(D)). HKUST-1 appears to break down between 2.5 wt% and
3 wt% of Hp0, showing lower water stability than 5% Fe-doped and 10%
Fe-doped HKUST-1, both appearing to break down between 4.5 wt% and
5.2 wt% of HpO with Feg 19 KUST-1 MOF showing better hydrolytic
stability. Examination of MD snapshots before and after the simulation
(Supporting Information) indicates a complete breakdown of the struc-
ture of the MOF on interaction with HO. The relatively higher hydro-
lytic stability of doped MOFs is due to the higher bond strength of the Fe-
O bond as compared to the Cu-O bond. The observations of the MD
simulations are qualitatively in line with the experimental observations.
Quantitative agreement is challenging owing to the fact that the force-
field parameters are not optimized for the doped MOF. Optimized
force-field parameters require rigorous first-principles calculations.

3.4. Pb(D) removal study

Two of the doping variants, Fep o5 HKUST-1 and Fep ; HKUST-1 were
used to study the Pb(II) removal as both of these variants confirm the
similar crystal structure as HKUST-1 MOF as discussed in Section 3.1,
and also because both of these variants showed improved water stability
as discussed in Section 3.2. With respect to pH, the maximum removal
efficiency was recorded at pH 5 for all the MOF variants (Supporting
Information, Fig. S5). HKUST-1 MOF demonstrated a Pb(II) removal
efficiency of 96% and Fe( o5 HKUST-1 MOF’s Pb(II) removal efficiency
was 94%. Both these variants showed very high removal efficiency (RE)
and adsorption capacity for Pb(II) removal within 2 hrs (Fig. 6(A)).
However, for Fey; HKUST-1 MOF there was a reduction in the kinetics
of Pb(II) removal, achieving 73% removal efficiency in 12 hrs (Fig. 6
(A)). Slower removal kinetics for Fey ; HKUST-1 as compared to HKUST-
1 and Fey s HKUST-1 could be because of reduction in the surface area
and Cu sites in the MOF, and also due to improved lattice stability. Fast
removal of Pb(II) ions in the beginning was observed, which can be due
to a very high Pb(II) concentration gradient at solid-liquid interphase.
Table 2, shows the kinetics parameters calculated from the pseudo-first-
order and pseudo-second-order kinetic model (Supporting Information
Eq 3 and 4) [12]. The fitted kinetic data showed that the Pb(II) removal
from undoped and doped MOF samples followed pseudo-second-order
kinetics (R%: 0.997 (HKUST-1), 0.998 (Fegos HKUST-1) and 0.978
(Fep.; HKUST-1) (Fig. 6(E)). The experimental equilibrium adsorption
capacity qe of HKUST-1 (469.4 mg g’l), Fep os HKUST-1 (459.8 mg gfl)
and Fep; HKUST-1 (366.8 mg g_l) were closer to the adsorption ca-
pacity ge calculated by the pseudo-second-order kinetic model HKUST-1
(458.7 mg g~ 1), Feg s HKUST-1 (450.4 mg g~ ') and Fey; HKUST-1
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Table 3

Adsorption isotherm parameters for Pb(II) adsorption. (Pb(II) Concentration
(Cp): 10-1000 mg L1, adsorbent concentration: 1000 mg L~! and initial solu-
tion pH 5).

Langmuir Model Freundlich Model

Qmax (Mg B (L R? K (L n R?
g mg ) mg 1)
HKUST-1 662.2 0.038 0.970  39.34 1.82  0.700
Feo.os 564.9 0.047 0.995  20.16 1.73  0.371
HKUST-1
Feo; HKUST- 2725 0.022 0.995 13.9 2.02  0.808
1
Table 4

Thermodynamic parameters for Pb(II) adsorption (pH = 5; (Pb(II) Concentration
(Cop): 500 mg L’l, adsorbent concentration: 1000 mg L™H.

AG® (KJ mol™1)

AH° (KJ AS°® (J mol? 25°C 30°C 40°C
mol 1) K)
HKUST-1 -35.13 -92.08 -7.690 -7.230 —6.309
Feo.0s —26.03 —63.51 -7.111 -6.793  —6.158
HKUST-1
Feo; HKUST- 17.09 58.41 -0.306 —0.598 —1.182

1

(311.5 mg g’l). The Pb(II) removal process using undoped and doped
HKUST-1 MOF followed a pseudo-second-order kinetics model sug-
gesting chemisorption to be a prominent adsorption mechanism. A
similar mechanism of Pb(II) removal by the MOFs has been reported in
the literature [46]. Considering environmentally realistic concentra-
tions, the amount of copper being released from the Fe doped HKUST-1
MOF as a consequence of Pb(II) removal is minimal, and is discussed in
supporting information (S9).

Equilibrium adsorption data at varying initial Pb(II) concentrations
can be expressed mathematically using adsorption isotherm (Fig. 6(B)).
There was an increase in the equilibrium adsorption capacity as the
initial Pb(II) concentration was increased from 10 mg/L to 1000 mg/L,
where the Pb(II) concentration gradient was the driving force. Experi-
mental data was compared using Langmuir and Freundlich models
(Fig. 6(F, G)) and isotherm parameters presented in Table 3 were
extracted from a linearized plot of Langmuir and Freundlich models
(Supporting Information Eq 7 and 8) [16]. Pb(II) adsorption data for all
the three samples HKUST-1, Feg o5 HKUST-1 and Fey ; HKUST-1 showed
a higher correlation coefficient (R% = 0.970 (HKUST-1), 0.995 (Feg.05
HKUST-1) and 0.995 (Fep; HKUST-1)) for Langmuir model than the
Freundlich model (R = 0.700 (HKUST-1), 0.371 (Feg.os HKUST-1) and
0.808 (Fep; HKUST-1)). The adsorption capacity calculated from
Langmuir model 662.2 mg g_1 (HKUST-1), 564.9 mg g_1 (Feg.os HKUST-
1) and 272.5 mg g~ (Feg.; HKUST-1) were similar to the experimentally
obtained adsorption capacity, suggesting that Pb(II) removal using
doped and undoped HKUST-1 MOF followed Langmuir adsorption
isotherm, following monolayer adsorption of Pb(II) on the energetically
identical active sites on undoped and doped HKUST-1 MOF surface and
inside [47]. The adsorption capacity for Pb(II) removal obtained in our
study was higher than other adsorbents reported in published literature
for Pb(II) removal [48-50].

Table 5
Comparison of lattice parameters computed using reaxFF, UFF and XRD.

ReaxFF (A) UFF (A) Experimental A)
HKUST-1 26.97 26.99 26.514
Feg o5 HKUST-1 Configuration-1 27.85 26.90 26.145
Configuration-2 27.28 26.80
Fep1 HKUST-1 Configuration-1 27.44 26.76 25.88
Configuration-2 27.10 25.86
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Fig. 7. (A) Comparative removal efficiency of HKUST-1, Feg os HKUST-1 and Fey; HKUST-1 MOF for Pb(II), Na(I), Ca(Il) and Mg(Il). (B) showing the effect of
varying concentration of counter ions on adsorption of Pb(II) (adsorbent concentration = 1000 mg L H. oA comparison of Pb(II) adsorption capacity of Fe doped
HKUST-1 reported in this study and the benchmark values reported in the literature (The references used to generate this Fig. are reported in supporting information).

To study the adsorption behaviour at varying temperatures and the
feasibility of the adsorption process, thermodynamic studies were car-
ried out. Linearly fitted Van’t Hoff plot was employed to extract the
thermodynamic parameters to investigate the feasibility and sponta-
neity of Pb(II) adsorption using undoped and Fe doped HKUST-1 MOF
(Fig. 6(C)), Table 4) (Supporting Information Eq 9 and 10) [12]. The
calculated AG® value confirmed the feasibility of Pb(II) adsorption
process for all the three HKUST-1 MOF variants. The AH° value for
HKUST-1 (—35.13 KJ mol™!) and Feg g5 HKUST-1 (—26.03 KJ mol™}),
falls under the AH° values in the range of 20.9-418 KJ mol !, indicating
the chemisorption-based approach for Pb(II) removal rather than a
physisorption process [51]. While in the case of Fep; HKUST-1 MOF,
AHP value is positive (17.09 KJ mol 1), indicating that the adsorption
process is endothermic in nature, i.e. high temperature is required to
achieve high adsorption capacity. Selectivity and specificity of an
adsorbent towards heavy metal ions are of great significance, as the
coexistence of ions such as Na(I), Mg(II) and Ca(II) in the solution can
hinder the adsorption efficiency of heavy metals. The selectivity and

10

specificity studies of undoped and Fe doped MOF towards Pb(II) ions
was carried out in a mixed solution containing Na(I), Mg(II), Ca(II), and
Pb(II). Fig. 7(A), shows that there was 95%, 91% and 83% removal of Pb
(ID) ions from HKUST-1, Fegos HKUST-1 and Fep; HKUST-1 MOF
respectively in presence of 50 mg L™ counter ions, while a negligible
amount of Na(I), Ca(II) and Mg(II) ions removal was observed. The high
removal efficiency of Pb(II) in presence of counter ions was observed
due to its low hydration energy (—AH) (1481 KJ mol™1) and high hy-
dration radius (2.57 A), as compared to hydration energy and hydration
radius of counter ions (Mg(II) (1921 KJ mol’l, 1.85 10\), Ca(II) (1577 KJ
mol’l, 2.27 A) and Na(I) (409 KJ mol’l, 2.21 10\)). Large hydration
energy and small hydration radius, makes it difficult for the ions to pass
through the porous networks of the MOF, hindering the ion exchange
from the active sites [52,53]. Pb(II) removal study was also performed in
abundance of Na(I), Ca(II) and Mg(II) ions in water, by keeping the Pb
(II) concentration fixed (50 mg L1 and varying the counter ions con-
centration (25 to 100 mg L. Fig. 7(B) demonstrates that the removal
efficiency of Pb(Il) was unaffected even in the presence of high
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concentrations of co-existing ions and stays around 98%, 92% and 87%
for HKUST-1, Feg g5 HKUST-1 and Feg; HKUST-1 MOF respectively. A
comparison of Pb(II) adsorption capacity of Fe doped MOF and other
adsorbents is presented in Fig. 7(C).

The mechanism of lead ion removal (Fig. 6(H)) by HKUST-1, Feg o5
HKUST-1 and Fep; HKUST-1 MOF is through ion-exchange based
removal, where Cu from the HKUST-1 MOF is substituted by Pb ions as
reported in our previous study [12]. For each crystallographic unit cell
of HKUST-1 framework, it is composed of 32 Cu-Cu paddle wheels and

11

doping with 5 mol% of Fe, would result in 3 Cu sites being replaced. This
still leaves abundant Cu sites for Pb removal to take place. Removal of Pb
(II) using HKUST-1 and Fe doped HKUST-1 was confirmed by post
adsorption characterization studies (Fig. 8). As a representative, Fe os
HKUST-1 MOF was chosen for post adsorption characterization and Pb
(II) adsorption was demonstrated by XRD, SEM-EDS, FTIR and XPS
studies. EDS elemental mapping shown in Fig. 8(A) demonstrates the
presence of Pb in the Fey g5 HKUST-1 MOF and reduction in Cu distri-
bution. XRD pattern (Fig. 8(B)), shows the evidence of the Fe osHKUST-
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1 MOF retaining its structure after Pb(II) adsorption. (Fig. 8(B)) also
shows crystalline compounds of Pb being present in Feg s HKUST-1
MOF as shown by the presence of Pb3(CO3)O2, PbsO(OH),(CO3)3, and
Pb(CO3) peaks, indicating the formation of Pb-O coordinate bond with
the carboxyte group of trimesic acid (organic ligand). Vibration band
observed at 444 cm ™! attributed to Pb-O bond in FTIR spectrum of Pb(II)
adsorbed Fe( g5 HKUST-1 MOF (Fig. 8(C)) also confirmed the presence of
Pb [54]. XPS analysis of Fe( o5 HKUST-1 post exposure to Pb(II) solution
was performed to assess the mechanism of lead ion removal (Fig. 8(D)).
The decrease in the percentage of uncoordinated carboxylate group
(Supporting Information, Table S2) without any significant shift in the
binding energy (~533.03 eV) was observed (Fig. S4(B)). The M-O
bonding was higher (~3.05%) as opposed to water exposed samples
(~2.37%). Both the observations signify a higher stability of the
framework on Pb(II) substitution, making the chemisorption process
favourable. The presence of weak Cu 2ps» satellite peaks and absence of
Cu 2pj s satellite peaks in high resolution Cu 2p spectra signify domi-
nance of Cu' state as opposed to Cu®" state on exposure to Pb(II) so-
lution. The ratio of Cu*/Cu®* was recorded as 11.58 (highest across all
samples) post Pb(II) adsorption (Supporting Information, Fig. S4(C)).
However, there was no significant change in the Fe?*/Fe3" ratio (Sup-
porting Information, Fig. S4(D)). The maximum concentration of Pb (II)
was linked to the structure through Pb-O linking (~87%). However, the
presence of Pb(0) was also observed (~10%) (Fig. 8(E)). There was a
slight reduction in adsorption capacity of Fey g5 HKUST-1 MOF due to
the reduction in surface area of MOF and reduction of available Cu sites
by Fe doping. In the case of Fep; HKUST-1 MOF, there was a 59%
reduction in adsorption capacity for Pb(II) removal as compared to
HKUST-1 MOF, which can be attributed to a 50% reduction in surface
area of Fey 1 HKUST-1 MOF. The structural stability rendered through Fe
doping allowed the doped MOF variant to have 100% of its Pb(II)
adsorption capacity being retained for up to 2™ cycle, and 70% till the
5th cycle (Supporting Information Fig. S10). In contrast, undoped
HKUST-1 variant lost its crystallinity and structural integrity after the
2nd cycle itself.

4. Conclusions

In this work we offer a comprehensive explanation of improving the
hydrolytic stability of HKUST-1 MOF by doping with a high valence Fe
ions and an efficient and specific removal of Pb(Il) using pristine
HKUST-1 MOF and Fe doped HKUST-1 MOF from water. Fe doping in
HKUST-1 MOF was successfully carried out using a one-pot hydrother-
mal method, which was demonstrated using experimental (XRD, SEM-
EDS, FTIR, ICP-OES and XPS) and computational study (MD simula-
tion). Improved hydrolytic stability of HKUST-1 MOF was observed on
addition of a small amount of Fe (5% and 10%). For the pristine HKUST-
1 MOF, only 33.4% crystallinity was retained and 93.3% loss in surface
area was observed after exposure to water for 2 hrs. In contrast, 86%
crystallinity and 89% surface area (11% loss) was retained in case of
Feg.o5 HKUST-1 MOF. The presence of high level of uncoordinated car-
boxylic group after water exposure for HKUST-1 MOF as compared to Fe
doped HKUST-1 MOF as demonstrated using FTIR and XPS analysis also
confirms the improved hydrolytic stability of HKUST-1 MOF after Fe
doping. The excellent qualitative correlation between the experimental
and computational data, states our findings. Fey s HKUST-1 and Fe(
HKUST-1 MOF also retained their structural integrity after 10 hrs of
exposure to water. Furthermore, only 2% reduction in the removal ef-
ficiency of Pb(Il) for Fep s HKUST-1 MOF (RE: 94%) as compared to
HKUST-1 MOF (RE: 96%), a very high adsorption capacity of 564.9 mg
¢! and high selectivity and affinity towards Pb(II) in presence of co-
existing cations (Na(I), Ca(Il), Mg(II)) is observed. Therefore, a doping
strategy for improving the hydrolytic stability of HKUST-1 MOF can be
attractive for designing MOFs for water purification and environmental
applications.
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