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This study reports syntheses of a set of unique ionic hybrid composites to efficiently remove gold anions
from acidic wastewater. The hybrid composites were easily obtained using a well-known metal—-organic
framework (MOF) and an ionic viologen organic framework (iVOF) that were thoroughly characterized.

Received 2nd April 2025, The highest uptake capacity recorded by iVOF-2@MOF_Comp-3 was 1053 mg g~ within three hours.

Accepted 28th May 2025 This adsorbent was also able to quantitatively (>99%) remove gold species within fifteen minutes from a
highly acidic (pH = 1) aqueous solution with a distribution coefficient (Kg) greater than 10° mL g~*. The

hybrid composite adsorbent could also be recycled easily, thus fulfilling most of the criteria expected in
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1. Introduction

Gold is indispensable in jewellery, catalysis and electronics due
to its remarkable properties, including excellent conductivity,
corrosion resistance and a high melting point."™ As such,
presence of gold species is well-known in electronic waste
(e-waste).” More efficient production and recycling techniques
are essential as gold is a valuable but finite resource.®
Traditional pyro-metallurgical processes are polluting, energy
intensive and inefficient. Due to the fact that e-waste contains
10-100 times higher concentrations of gold than natural ores,
the recovery of gold from e-waste is becoming increasingly
important. Moreover, the quantum of e-waste is increasing and
an efficient recycling infrastructure is needed.”® Adsorption,
chemical precipitation, ion exchange and solvent extraction are
some of the current recovery techniques, but their high energy
consumption and inefficiencies limit their effectiveness.”™
Metal-organic frameworks (MOFs) are porous materials with
diverse and desirable properties (chemical and physical)."*
Consequently, MOFs have been studied for a wide range of
applications, including effective trapping of small molecules/
ions and separating mixtures based on steric, stereochemical,
and reactivity properties.">'® However, a significant drawback of
MOF-based adsorbents is their slow sorption rate.”*® On the
other hand, adsorbents based on ionic viologen-based organic
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frameworks (iVOFs) demonstrate relatively much faster sorption
kinetics towards anionic pollutants relative to MOFs.'>?° It is
proposed that the hybrid composite material, obtained from
MOFs and iVOFs, would be a better adsorbent with superior
performance.”® Furthermore, the hybrid composite is antici-
pated to demonstrate improved efficiency and effectiveness in
gold recovery processes. To date, no ionic hybrid composite has
shown rapid and selective extraction of gold from a solution
containing other complex ions. This gap (in gold extraction/
recovery) has led us to explore using MOF-iVOF composites to
extract Au species from diverse gold-containing wastewater
sources. Herein, we report the syntheses of novel ionic MOF-
polymer hybrid composites that were explored as adsorbents
to remove gold species from aqueous solutions at various pH.
The maximum uptake capacity and kinetics associated with
trapping of gold species were studied, and their performance
was compared to that of previously reported adsorbents for this
application.

2. Results and discussion

This study focuses on developing strategic composite materials
decorated with useful functional groups that would assist in
improving the role of the material as an adsorbent. Specifically,
we have synthesized MOF-iVOF composites (Scheme 1) specially
tailored for removing gold species from acidic aqueous solu-
tions. Firstly, MOF UiO-66-NH, was synthesized following a
previously reported synthetic protocol (details in the Experi-
mental section).”’ Next, the pristine ionic viologen organic
framework (iVOF-2) was prepared using the Sonogashira cross-
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Scheme 1 Design of the synthesis of ionic iVOF-2@MOF composites.

coupling reaction (details in the Experimental section). Upon
successful synthesis of the MOF (UiO-66-NH,) and iVOF-2,
attempts were made to obtain the composite material using
the one-pot core-shell methodology by varying the amount of the
precursor monomers for making iVOF-2 (details in the Experi-
mental section). While synthesizing the composite, different
compositions of iVOF-2 precursors (TAB and V-2Br monomers
in Scheme 1) were added in an inert environment to a toluene
suspension of the pristine MOF (UiO-66-NH,) in the presence
of other reagents required in Sonogashira coupling reaction.
Upon completion of the reaction, the precipitated products
were obtained via centrifugation. The isolated solids were sub-
sequently washed thoroughly with methanol, DCM, acetonitrile,
THEF, and acetone and finally dried in an oven to get three hybrid
composites, namely iVOF-2@MOF_Comp-1, iVOF-2@MOF -
Comp-2 and iVOF-2@MOF_Comp-3.

Pristine samples of UiO-66-NH,, iVOF-2, and their composites
were thoroughly characterized using powder X-ray diffraction
(P-XRD), Fourier transform infrared (FT-IR) spectroscopy, solid-
state "*C nuclear magnetic resonance spectroscopy (*C CP-
MAS), low-temperature N, sorption analysis, X-ray photoelectron
spectroscopy (XPS), field emission scanning electron microscopy
(FE-SEM) and energy dispersive X-ray (EDX) analysis.

4514 | Mater. Adv, 2025, 6, 4513-4521
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The P-XRD analysis of the MOF UiO-66-NH, reveals its highly
crystalline nature, while iVOF-2 is amorphous. Furthermore, the
PXRD pattern of the synthesized MOF was compared with that
corresponding to the simulated pattern of UiO-66-NH, (Fig. S1,
ESIT), and the PXRD pattern confirmed the successful synthesis
of UiO-66-NH,. Interestingly, the composite materials (iVOF-2@
MOF_Comp-1 to 3) exhibit crystallinity, which confirms the
presence of UiO-66-NH, in the matrices of the composites
(Fig. 1a). The FT-IR spectra of the composites, along with UiO-
66-NH, and iVOF-2 (Fig. S2, ESIt), also confirmed the presence
of both components (UiO-66-NH, and iVOF-2) in the matrices of
the resultant composite. Additionally, solid-state *C CP-MAS
NMR spectra (Fig. 1b) provided structural insights with the
appearance of two distinct peaks at around ~170 ppm (attrib-
uted to unsymmetrical carboxylic -C—O- carbon atoms) and at
~150 ppm (due to the carbon atoms linked to amine groups).

Porosity analysis using low-temperature N, sorption data
(Fig. 1c and Fig. S3, ESIt) of UiO-66-NH, confirms its highly
porous nature and higher surface area (1331 m? g~ %) compared to
that of iVOF-2 (158 m* g "). The surface area of the composites
iVOF-2@MOF_Comp-1 to 3 are 742, 628, and 466 m” g~ ', respec-
tively. Overall, the surface area decreased in the following order:
UiO-66-NH, > iVOF-2@MOF_Comp-1 > iVOF-2@MOF_Comp-2 >

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) PXRD patterns of the UiO-66-NH,, iVOF-2 and iVOF-2@MOF_Comp-1to 3, (b) solid state ¥*C NMR of the UiO-66-NH,, iVOF-2 and the iVOF-
2@MOF_Comp-1 to 3, (c) low temperature N, sorption isotherms of UiO-66-NH,, iVOF-2 and the iVOF-2@MOF_Comp-1 to 3 and (d) XPS survey

spectrum of iVOF-2@MOF_Comp-3.

iVOF-2@MOF_Comp-3 > iVOF-2. The pore size distribution
(PSD) analysis indicates that the pristine MOF is predominantly
microporous in nature, whereas the iVOF-2 composites exhibit
mesoporous characteristics (Fig. S3, ESIT). Notably, the degree of
mesoporosity increases with the amount of polymer incorpo-
rated into the composite material. This trend suggests that
Comp-3, which contains the highest polymer content among
the three composites (iVOF-2@MOF_Comp-1, iVOF-2@MOF_-
Comp-2, and iVOF-2@MOF_Comp-3), displays the most pro-
nounced mesoporosity (Fig. S3, ESIf). This evolution in pore
structure highlights the role of polymer integration in tuning the
textural properties of the composite materials.

The difference in the magnitude of the surface area of the
composites concerning that of the precursors (UiO-66-NH, and
iVOF-2) also ratified the presence of both MOF and iVOF-2 in
them. The XPS analysis of the iVOF-2@MOF_Comp-3 indicates
the presence of C, N, O, Zr, and Cl in the XPS survey spectra
(Fig. 1d). Also in the HR-XPS of iVOF-2@MOF_Comp-3 the
binding energies for C 1s, N 1s, and Zr 3d were observed
indicating the formation of the composite materials (Fig. S4,
ESIt). The morphology of the iVOF-2, UiO-66-NH, and iVOF-
2@MOF_Comp-3 was studied by capturing FE-SEM images
(Fig. 2a, b and Fig. S5, S7, S9, ESIt). Further insights into the
composition of iVOF-2, UiO-66-NH,, and iVOF-2@MOF_Comp-
3 were obtained from EDX and mapping analysis data (Fig. 2¢
and Fig. S6, S8, S10, ESIf). The EDX spectrum of iVOF-2
exhibited the presence of only C, N, and Cl, while that of
UiO-66-NH, showed the presence of C, N, Zr, and O. As

© 2025 The Author(s). Published by the Royal Society of Chemistry

expected, the EDX spectrum of the composites showed the
presence of C, N, O, Zr, and Cl. Thus, mapping analyses
provided further evidence to support the formation of the
composites.

From the characterization data, it may be concluded that the
composites (iVOF-2@MOF_Comp-1 to 3) reported herein fea-
ture (i) moderately high surface areas, (ii) a polymeric backbone
with ample ion exchange sites, and (c) secondary binding units
of Ui0-66-NH, (Zr-secondary binding units: Zr-SBUs). Previous
reports indicate that UiO-66-NH, can capture AuCl,” via binding
the anions with Zr-SBUs.’ Also, there are reports wherein ionic
POPs were explored as adsorbent materials for capturing AuCl, ™~
via an ion-exchange-based mechanism.?*** However, UiO-66-
NH, and ionic porous adsorbents are individually associated
with limitations such as slow uptake kinetics, low uptake
capacity, or physiochemical instability. In this context, we envi-
sioned that the composites reported herein may overcome the
problems recorded for either MOFs or iVOFs. The presence of
ion exchange sites and secondary binding units (Zr-SBU) in
the porous composites with moderate surface areas (450-
750 m*> g~ ') motivated us to explore their abilities to capture
gold (AuCl,”) species from acidic waste. The AuCl,” removal
efficiencies recorded for iVOF-2, UiO-66-NH,, and their compo-
sites (iVOF-2@MOF_Comp-1 to 3) are shown in Fig. 3a (detail
capture experiments in the ESIt).

The results indicate that iVOF-2@MOF_Comp-3 exhibited
the highest removal efficacy, followed by iVOF-2@MOF_Comp-2,
iVOF-2@MOF_Comp-1, iVOF-2, and finally UiO-66-NH,. Notably,

Mater. Adv., 2025, 6, 4513-4521 | 4515
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Fig. 2 (a) and (b) FESEM images of iVOF-2@MOF_Comp-3 at different magnifications and (c) EDX mapping of the iVOF-2@MOF_Comp-3 indicates the

presence of C, N, O, Zr and CL

iVOF-2@MOF_Comp-3 demonstrated a remarkable removal
efficiency of 99.99%. Subsequently, time-dependent studies were
conducted using samples of iVOF-2, UiO-66-NH,, and iVOF-
2@MOF_Comp-3 (Fig. 3b). The experimental results show that
the capture of AuCl,” by iVOF-2@MOF_Comp-3 is much faster
than that for iVOF-2 and UiO-66-NH,. The kinetic data fitted well
to a pseudo-second-order model with a high correlation coeffi-
cient (>0.99) (Fig. 3c). Furthermore, the maximum capture
capacity of these materials was determined using the Langmuir
adsorption isotherm model (Fig. S11-S13, ESIY). iVOF-2@MOF_-
Comp-3 exhibited the highest uptake capacity (1053 mg g™ ),
which was much higher than that of both precursors, ie.,
pristine samples of MOF (645.00 mg g ') and iVOF-2
(826 mg g~ ') [detail in comparison Tables S1 and S2, ESI{].
Notably, most gold capture studies reported in the literature
were conducted under less acidic conditions (e.g., UiO-66-MTD
at pH 5, Pc-POSS-POPs at pH 5, and AN-POP at pH 5), whereas
our capture experiments were performed under more acidic
conditions (pH 1), demonstrating the robustness of our material
under harsh environments.>*** Furthermore, the gold capture
capacity of our material iVOF-2@MOF_Comp-3, is among the
highest reported to date, outperforming several benchmark mate-
rials such as TTASDFP (245 mg g~ '), Pc-POSS-POPs (862.07 mg
g 1), Fe-BTC/PpPDA (934 mg g~ '), UiO-66-BTU (680.20 mg g ),

4516 | Mater. Adv, 2025, 6, 4513-4521

and V-PPOP-Br (792.22 mg g~ ') [detail in comparison Table S1,
ESIf]>**?%2628 In addition, iVOF-2@MOF_Comp-3 exhibits
significantly faster gold ion removal kinetics compared to pre-
viously reported materials such as PAF-1, COF-Tp-Tsc, and PCS-ST
[detail in comparison Table S2, ESIT].>*' To assess the effects of
other anions on the gold removal efficiency of iVOF-2@MOF_-
Comp-3, its removal efficiency was tested in the presence of
various anions. Fig. 3d illustrates the negligible effects of anions
on the removal of AuCl,” by the composite sample, indicating
that the presence of a variety of different anionic species has a
minimal or insignificant impact on its gold species removal
efficiency. Moreover, gold scavenging efficiencies of iVOF-
2@MOF_Comp-3 were also conducted using water samples col-
lected from various sources (Fig. S14, ESIT). Remarkably, iVOF-
2@MOF_Comp-3 consistently removed over 95% of gold species
in all tested conditions, with the K4 value exceeding 10° mL g~ .
These findings suggest that iVOF-2@MOF_Comp-3 is a strategic
adsorbent material for capturing gold from diverse aqueous
media. The pH of a solution significantly influences the adsorp-
tion behavior of metal ions. In this study, we explored how pH
effects the adsorption of Au(imn) by adjusting the pH of the solution
from 1 to 7 using NaOH and HCL. As shown in Fig. S15 (ESIt), a
high removal efficiency of iVOF-2@MOF_Comp-3 was observed in
the pH range of 1 to 7.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and iVOF-2@MOF_Comp-3, (c) pseudo second order uptake curve for iVOF-2@MOF_Comp-3 and (d) effects of other anions during removal of AuCl,~

by iVOF-2@MOF_Comp-3.

To gain further insight into the mechanism of gold capture
by iVOF-2@MOF_Comp-3, its gold-loaded samples (Au@iVOF-
2@MOF_Comp-3) were analyzed using various techniques.
Powder X-ray diffraction (PXRD) analysis is invaluable for iden-
tifying the presence of gold in loaded samples. For reference, the
PXRD pattern of pure 24 carat gold was recorded, revealing
characteristic peaks corresponding to the planes 111, 200, 220,
and 311, which can be assigned to the diffraction of metallic
gold. As expected, some of these same peaks were also observed
in the samples of Au@iVOF-2@MOF_Comp-3 (Fig. 4a).

Conversely, pristine samples of iVOF-2@MOF_Comp-3 did
not exhibit any diffraction peaks matching these planes. This
confirmed the presence of gold species in Au@iVOF-2@MOF _-
Comp-3. This insightful information was also verified by XPS
analysis (Fig. S16 and S17, ESIT). In the XPS survey spectrum of
the Au@iVOF-2@MOF_Comp-3, the presence of Au along with
other elements indicates tapping of gold by the composite (Fig.
S16, ESIt). Furthermore, during the ion exchange process of the
AuCl,™ ions, these are also co-ordinated with SBU of the UiO-
66-NH,, having electrostatic interactions with the protonated
amino groups during the adsorption process. XPS analysis
indicates the presence of Au 4f 5/2 and 7/2 in the XPS spectrum
with a binding energy in the range of 82 to 90 eV (Fig. 4b).*"**?
The fitted peaks at 89.97 and 86.14 are due to Au(m), whereas
those at 88.33 and 84.75 €V are due to Au(0).”>** Energy-
dispersive X-ray spectroscopy (EDS) and elemental mapping
analysis indicated a homogeneous distribution of gold species

© 2025 The Author(s). Published by the Royal Society of Chemistry

alongside other elements (Fig. 4c and Fig. S18, S19, ESIY).
Thus, EDS analysis provided further evidence of the presence
of gold in Au@iVOF-2@MOF_Comp-3. Furthermore, significant
changes in FT-IR spectra, after exposure of samples of iVOF-
2@MOF_Comp-3 to AuCl,” (aq), also provided evidence of the
presence of favorable interactions between gold species and the
MOF-iVOF composites reported herein (Fig. S20, ESIT). Overall,
these experimental data may be considered cumulative evidence
that strongly supports the successful capture of gold by the
composites. Furthermore, the reusability tests showed that the
composites could be reused for up to three cycles with no
significant decrease in gold (AuCl, ) removal efficiency (Fig. 5a).
Finally, we also characterized the reused iVOF-2@MOF_Comp-3
with FTIR, P-XRD and porosity analysis (Fig. 5b—d). It can be seen
that after several cycles of capture, the iVOF-2@MOF_Comp-3 was
identical when compared with the pristine iVOF-2@MOF_Comp-
3. This highlights the robustness and practical applicability of the
iVOF-2@MOF composites for repeated use in gold capture appli-
cations in an economically viable manner.

3. Conclusions

This study presents a facile method for the synthesis of ionic
MOF _iVOF composites without post-modification, which offers a
clear advantage over other ionic composites. Among the three
composites, iVOF-2@MOF_Comp-3 emerges as the most effective,
showing rapid and efficient capture of gold species from acidic

Mater. Adv,, 2025, 6, 4513-4521 | 4517
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solutions with a high partition coefficient (K4 > 10° mL g™ ).
Furthermore, it performs well in real water samples, even in the
presence of co-existing ionic contaminants. The method holds
promise for the development of other MOF_iVOF composites,
particularly for the recovery of precious metals from industrial waste,
making it a valuable approach to sustainable resource recovery.

4. Experimental section

4.1. Synthesis of the MOF (UiO-66-NH,)

UiO-66-NH, was literature
procedure.”’ In a 20 mL vial, 2-amino-terephthalic acid (2-
ATA) (0.13 g, 0.72 mmol), zirconium(wv) chloride (0.17 g,
0.72 mmol), and formic acid (0.8 mL) were dissolved in DMF
(8 mL). The vial was then sealed with Teflon tape and a cap, and
the reaction mixture was heated at 120 °C for 24 hours. During
this time, a white powder gradually formed. The powder was
collected by centrifugation, washed with methanol, and dried

under vacuum.

synthesized following a

i

COOH
N"2 DME. Formic acid
ZrCly + 120°C, 24h
COOH
2-ATA
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UiO-66-NH,
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Fig. 5 Recyclability of the iVOF-2@MOF_Comp-3 for gold capture, (b) FT-IR of the pristine iVOF-2@MOF_Comp-3 and reused iVOF-2@MOF_Comp-3,
(c) PXRD of the pristine iVOF-2@MOF_Comp-3 and reused iVOF-2@MOF_Comp-3 and (d) N, sorption analysis of the reused iVOF-2@MOF_Comp-3.

4.2. Synthesis of the V-2Br**>¢

cl
NO,

TNV

1',1"-Bis(2,4-dinitrophenyl)-[4,4"-bipyridine]-1,1’-diium dichloride
(TNV) was synthesized by refluxing 4,4’-bipyridine (4 g,
25.60 mmol) with 1-chloro-2,4-dinitrobenzene (26 g, 89.60 mmol)
in 150 mL of anhydrous acetonitrile under an N, atmosphere for
72 hours. After the reaction was complete, the mixture was
filtered, and the resulting solid was washed twice with acetonitrile
(50 mL) and four times with diethyl ether (40 mL each) to remove
the unreacted products. The solid was then recrystallized from

© 2025 The Author(s). Published by the Royal Society of Chemistry

NO,
C()? i NO

N

i &

= NO, Z

?

7z | Acetonitrile, reflux 7z |
®
NN

O,N \<j|

NO

diethyl ether, yielding pure TNV with a 75% yield. In a subsequent

reaction,  1’,1’-bis(2,4-dinitrophenyl)-4,4'-bipyridine-1,1’-diium
Br
Br
&
N
&
NH, >
>
Ethanol, reflux 7 |
N )
N Ci
Br
V-2Br

dichloride (0.500 g, 0.891 mmol) was combined with 4-
bromoaniline (2.67 mmol) in ethanol and heated at reflux under
nitrogen for 48 hours, resulting in a cloudy dark yellow reaction
mixture. The progress of the reaction was monitored by TLC. The
solvent volume was then reduced by evaporation, and the mixture
was poured into rapidly stirring THF, forming a fine yellow
precipitate. The precipitate was filtered, and the solid was washed
with ether, yielding the final product (V-2Br) as a yellow solid.
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4.3. Synthesis of the TAB*™*°

Br
:_SiMe3

>
Pd(PPhs),Cl,,Cul, TEA

Me3Si

Br Br

To a solution of commercially procured 1,3,5-tribromobenzene
(503.0 mg, 1.59 mmol) in dry triethylamine (9.0 mL),
Pd(PPh;)Cl, (36.1 mg, 0.05 mmol) and Cul (10.0 mg, 0.05 mmol)
were added, and the mixture was stirred under an argon
atmosphere for 15 minutes. Trimethylsilylacetylene (0.9 mL,
6.33 mmol) was then added, and the reaction mixture was
heated to 65 °C and stirred for 16 hours. After completion,
hexane (25 mL) was added to the mixture, and it was subjected
to short-path column chromatography on silica gel. The solvent
was evaporated, and the residue was further purified by column
chromatography on silica gel, eluting with hexane, yielding
1,3,5-tris(trimethylsilylethynyl)benzene as a pale yellow solid.
This product was dissolved in tetrahydrofuran (7.0 mL) and
methanol (2.0 mL). A solution of anhydrous potassium carbo-
nate (26.9 mg in 0.4 mL of H,0) was added, and the mixture
was stirred at room temperature for 6 hours. Water (12 mL) was
then added, and the organic solvents were evaporated. The
residue was extracted with dichloromethane, washed with
water and brine, and dried over anhydrous sodium sulfate,
yielding 220.8 mg of TAB as an off-white solid.

4.4. Synthesis of the iVOF-2

Br

Pd(PPh3),Cl,, Cul

Toluene, 48 h

V-2Br

The synthesis of iVOF was performed following a previously
reported procedure with slight modifications.*’ A 50 mL two-
neck Schlenk flask was charged with 1,1’-bis(4-bromophenyl)-
4,4'-bipyridinium chloride (V-2Br, 538 mg, 1.00 mmol) and 1,3,5-
triethynylbenzene (TAB; 101 mg, 0.670 mmol) as monomers, along
with Cul (5.71 mg, 30.0 pmol) and Pd(PPh;),Cl, (15 mg) as
catalysts. Dry toluene (20 mL) and triethylamine (10.0 mL) were
subsequently injected into the reaction flask. The mixture was
stirred at 110 °C for 48 hours, during which a brown powder
gradually formed. After the reaction was complete, the mixture was
cooled to room temperature. The precipitate was then collected by
centrifugation, washed with methanol, and dried under vacuum.
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K,CO3
Z N
SiMe3 TAB
4.5. Synthesis of the iVOF-2@MOF_Comp-1 to 3

For the preparation of iVOF-2@MOF_Comp-1, UiO-66-NH,
(100 mg) was dispersed in a mixture of dry toluene (10 mL) and
triethylamine (5 mL) in a 50 mL two-neck Schlenk flask. To this
mixture, (PPh;),PdCl, (1.7 mg, 2.4 umol) and Cul (0.50 mg,
2.6 umol) were added, and the resulting solution was stirred at
90 °C for 1 hour. Subsequently, TAB (10 mg, 0.066 mmol) and V-2Br
(54 mg, 0.1 mmol) were introduced into the flask, and the reaction
mixture was refluxed at 110 °C for 48 hours, during which a brown
powder gradually formed. After completion, the reaction mixture
was cooled to room temperature, and the precipitate (iVOF-
2@MOF_Comp-1) was collected by centrifugation, washed with
methanol, DCM, acetonitrile, THF and acetone, and dried under
vacuum. For the preparation of iVOF-2@MOF_Comp-2, TAB (20
mg, 0.133 mmol) and V-2Br (108 mg, 0.2 mmol) were used, while
for iVOF-2@MOF_Comp-3, TAB (30 mg, 0.2 mmol) and V-2Br (161
mg, 0.3 mmol) were added following the same procedure.
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