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ARTICLE INFO ABSTRACT

Keywords: Over the past decade, metal-organic frameworks (MOFs) have garnered significant scientific attention owing to

Metal‘mfganic frameworks their exceptional physicochemical properties and versatility across a wide range of applications. In this work, a

Sdlsorgtwnl circular economy strategy is adopted to address critical challenges associated with excessive waste generation,
olyphenols

resource limitations, and economic sustainability. Specifically, the performance of the zeolitic imidazolate
framework ZIF-67 was evaluated for the sequential removal of organic and inorganic contaminants from water.
Pristine ZIF-67 was first employed for the adsorption of polyphenols, using gallic acid as a model compound,
after which the spent material (ZIF@GA) was reutilised for the removal of heavy metal ions, including cadmium,
lead, and chromium. ZIF-67 exhibited a maximum adsorption capacity of 171 mg/g for gallic acid, while
ZIF@GA demonstrated an exceptionally high adsorption capacity of 1020 mg/g for Pb(Il) ions, along with
removal efficiencies of 58% and 45% for Cd(II) and Cr(VI), respectively under batch conditions. Rapid and
quantitative adsorption of gallic acid was maintained even under complex water matrices. To overcome the
practical limitations associated with dispersed MOF powders, a simple and rapid method was developed to fix
ZIF-67 nanostructures directly onto conventional laboratory-grade filter sheets. Overall, these findings highlight
the strong potential of ZIF-67 as a sustainable, efficient, and scalable material for advanced water remediation
applications.

Heavy metals
Water remediation

1. Introduction

Plants naturally contain an important class of chemicals, known as
polyphenols [1], which are well-known for their antioxidant properties,
leading to numerous potential health benefits, including improved heart
health, blood sugar regulation, anti-inflammatory effects, and cancer
prevention [2-5]. There are more than 8000 types of polyphenols found
so far, which are mainly classified into four categories, namely flavo-
noids, polyphenolic amides, phenolic acids, and others [6]. When
polyphenols are released into wastewater, as a result of food industry
waste, agricultural waste, and plant waste, they represent a serious
damage to the environment and to common water purification systems
(biological treatments), as these compounds can harm aquatic life and

disrupt ecosystems [7-10]. Moreover, when polyphenols are combined
with other pollutants, like heavy metals and organic dyes, the toxic
mixture can lead to serious environmental and public health issues
[11,12]. Although many techniques have been developed for the poly-
phenols separation from water, such as chromatography [13], coagu-
lation [14], membrane separation [15], preferential transport [16], and
precipitation [17], their efficiency is limited, as well as scalability and
cost. Among all the techniques covered above, adsorption is the most
successful, as it is simple to process, affordable, scarcely sensitive to
harmful substances, dependable, and extremely effective [18-20].
Furthermore, a wide range of materials are commonly employed as
adsorbents, including graphene-based nanomaterials [21], activated
carbon [22], nanofibers [23], sustainable carbon materials [24],
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agricultural waste [25], and nanoporous structures [26,27].

In this regard, it is well documented that Metal-Organic Frameworks
(MOFs) are promising adsorbents and effective functional materials to
regulate environmental pollution [28-32]. MOFs are hybrid crystalline
structures that generate one-, two-, or three-dimensional porous
frameworks by coordinating metal ions or clusters to organic ligands
[33,34]. This class of porous materials has made rapid progress to the
forefront of several materials research fields because of their remarkable
properties. The utilization in water purification is associated to their
notable features, like their very high surface areas, remarkable host-
guest chemistry, chemically tuneable, and modular properties
[35-37]. MOFs have a great deal of ability to adsorb organic contami-
nants, including organic dyes and pharmaceutical waste, and heavy
metals from water [38,39]. However, polyphenols removal is still
underinvestigated [40]. The structural versatility of MOFs makes them
interesting, allowing for modifications aimed at increasing interactions
with polyphenols and, therefore, increasing their adsorption capacity
towards this class of compounds [41]. Interestingly, Bayazit et al. [42]
used Zr-based MOF (UiO-66) for the removal of hydroxytyrosol and
oleuropein from wastewater. Ghaedi et al. [43] investigated Cu-based
MOF for the removal of gallic acid (GA) from orange juice samples. In
particular, GA is a necessary polyphenol, utilised in medicine for its
ability to reduce inflammation, allergies, mutagenesis reactions, and
cancer [44]. Nevertheless, there are surprisingly few reports on the
adsorption of polyphenols with MOFs.

Thanks to its structure and chemical composition, ZIF-67 emerges as
a valid candidate for the adsorption of polyphenols. Cobalt ions, having
a 2+ charge, tend to bind with the organic linker, i.e., 2-methylimida-
zole, forming a highly crystalline structure with a high surface area,
making the material suitable for adsorption [45]. Furthermore, the
synthesis of ZIF-67 is sustainable, simple, and facile, as the solvent used
for the synthesis is either water or methanol, which makes ZIF-67 stand
out from the other MOFs [46]. Besides, polyphenols, being negatively
charged tend to adsorb on the surface of ZIF-67 due to their net posi-
tively charged structure. Although ZIF-67 is generally considered poorly
water-stable, Qian et al. [47] have exposed undoped ZIF-67 for 10 days
in water, and the structure slowly weakens and degrades after 10 days,
as confirmed by XRD investigations. However, interestingly, Bendre
et al. [48] adsorbed diclofenac sodium onto ZIF-67 for drug delivery
application, wherein the diclofenac sodium loaded on ZIF-67 stayed for
6 days in aqueous media without leaching out the drug. This suggests
that the intrinsic low stability of this material in aqueous media can be
overcome by reducing the reaction time. Herein, ZIF-67 was first
investigated as a promising adsorbent for the removal of polyphenols (in
particular, GA) from different water matrices. Furthermore, the work
implements the circular economy concept to address problems with
limited resources, excessive waste production, and the preservation of
economic gains [49]. In fact, while the adsorption process is an afford-
able means to clean water, it produces unwanted secondary waste as a
result (spent adsorbent). In order to prevent the creation of additional
waste [50], the ZIF-67 used for the removal of GA (ZIF-67 @GA) was
herein reutilised for the adsorption of heavy metals, such as Pb(II), Cd
(D), and Cr(VI) with promising results. Thus, this study opens a new
scope for the utilization of ZIF-67 for a multifunctional remediation
approach.

2. Experimental section

The list of chemicals used, and the description of the characterisation
techniques employed for the materials investigation are reported in the
Supplementary Information file (S1 and S2, respectively).

2.1. Synthesis of ZIF-67

ZIF-67 was conventionally synthesised by sonicating 900 mg Co
(NO3)2.6H20 and 1980 mg 2-MIM in 30 mL of methanol each. Both
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solutions were mixed in a beaker and continuously swirled with a
magnetic stirrer (500 rpm) for 24 h (Fig. 1). The as-obtained precipitate
was collected by centrifugation, methanol-washed, and dried at 80 °C
overnight [48]. The material was obtained with a percentage yield of
84% and properly characterized, as described in the supplementary data
(S2).

2.2. ZIF-67 water stability tests

To test the water stability of ZIF-67 a systematic stability study as a
function of pH 3, 5, 9) and contact time (15 min and 24 h) was per-
formed. Aqueous solutions buffered at pH 3, 5, and 9 were properly
prepared by mixing the following solutions or buffer systems: nitric acid
(0.5 M) acetic acid/sodium acetate, potassium di-hydrogen phosphate/
di-sodium hydrogen phosphate, boric acid/potassium chloride/sodium
hydroxide, sodium hydroxide (0.5 M). After immersion at selected pH
values for predefined times, the solids were recovered, washed, and
dried prior to characterisation. Structural integrity was evaluated by (i)
FTIR spectroscopy to probe pore structure preservation and (ii) XRD to
monitor crystalline phase retention. In addition, we monitored metal
leaching in solution (Co concentration by ICP-OES).

2.3. Batch adsorption tests

Batch adsorption experiments were performed to investigate the
adsorption capacity of ZIF-67 towards polyphenols (gallic acid (GA), 4-
hydroxybenzoic acid (4-HB), Eudesmic acid (EA), caffeic acid (CA),
trans-ferulic (t-FA)). The efficiency in GA abatement was also verified in
the presence of organic dyes (methyl orange (MO), rhodamine (RB),
methylene blue (MB), congo red (CR)), in the presence of salts (NaNOsg,
NaCl, NapSO4, NaHCO3), and in the presence of humic acid (HA). Then,
ZIF-67 loaded with GA was used for the removal of heavy metals, used as
secondary pollutants (Pb(II), Cd(II), Cr(VI)).

2.3.1. Polyphenols adsorption tests

The tests were carried out in a 100 mL beaker maintaining a fixed
adsorbent dosage (10 mg/L) and varying the GA concentration
(10-1000 mg/L) of 20 mL of solution. The suspensions were magneti-
cally stirred (500 rpm) at room temperature for 90 min. Finally, ZIF-67
was removed by centrifugation and the resulting solutions were ana-
lysed by UV-vis spectroscopy (Shimadzu, UV-2600) at A = 260 nm. The
gradual removal of polyphenols was monitored at different times. In
addition, the effect of pH and ionic strength were investigated, varying
the pH value and modifying the GA solution composition with the
addition of different salts (NaNOs3, NaCl, Na;SO4) at a concentration of
0.05 M.

Eq. (1) was used to determine the removal efficiency in terms of
percentage removal:

co—cf,
cf

%Removal = 100 (€]

where “Cy” (mg/L) is the initial concentration of the target polyphenol
and “Cf” (mg/L) is its final concentration.
Using Eq. (2), the adsorption capacity (qe) (mg/g) was calculated:
co-cf)v
g - L9V @
m

where “Cy” (mg/L) is the initial concentration of the target polyphenol,
“Cf” (mg/L) is its final concentration, “V”’ (L) and “m” (g) represent the
solution volume and absorbent dosage, respectively.

2.3.2. Metals adsorption tests

ZIF-67 used for the removal of GA (now ZIF-67@GA) was subse-
quently tested for the removal of heavy metals (Pb(II), Cd(II), or Cr(VI))
as secondary pollutants. More in detail, 10 mg of ZIF-67@GA were
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Fig. 1. Schematic representation of the synthesis of ZIF-67.

added to 10 mg/L metals solutions (20 mL). Each mixture was main-
tained under stirring for 15 min at room temperature. Aliquots were
sampled, and the metal concentrations were verified by a PinAAcle 900
Series AA atomic absorption spectrometer equipped with a flame at-
omization system (Perkin Elmer) at A = 283.31 nm, A = 228.80 nm, and
A = 357.87 nm for Pb, Cd and Cr, respectively. The percentage of metal
removal and adsorption capacity were determined by eqs. 1 and 2,
respectively.

The adsorption capacity of ZIF@GA was also tested towards the
removal of a mixture od heavy metals. More in detail, 10 mg of ZIF@GA
were suspended in 20 mL of deionized water containing Pb(II), Cd(II),
and Cr(VI). The concentration of each metal in solution was maintained
at 3 mg/L.

2.3.3. Effect of water matrix

The selectivity of ZIF-67 towards GA removal was also studied in
different conditions: i) in the presence of organic dyes (methyl orange,
MO, rhodamine-B, RB, methylene blue, MB, congo red, CR), ii) using
acidified tap water (to ensure GA stability), containing GA, humic acid
(HA), and Pb(II) simultaneously. The presence of humic acid was
intended to mimic natural organic matter, while the ionic background of
tap water introduced additional inorganic species that may affect
adsorption performance. For the tests in the presence of organic dyes,
into 20 mL of 10 mg/L GA solutions, the dyes (single or as mixture) were
added at a concentration of 10 mg/L. The organic species present in
solution (both GA and organic dyes) were always in 1:1 mass ratio.

Then, ZIF-67 was added (adsorbent dosage 10 mg/L) and the sus-
pensions were magnetically stirred (500 rpm) at room temperature for
30 min. Finally, ZIF-67 was removed by centrifugation and the resulting
solutions were analysed by UV-vis spectroscopy. The chemical structure
of the dyes and Ayax used for the adsorption investigations are shown in
Table S1. Moreover, the effect of the presence of different salts (NaNOs3,
NaCl, NaySO4) on GA removal was also evaluated.

At first, in 20 mL of GA 10 mg/L solution the selected salt was added
(0.05 M). Then, ZIF-67 was added (adsorbent dosage 10 mg/L), the
suspensions were magnetically stirred (500 rpm) at room temperature.
After 30 min, the mixture was treated with the same procedure reported
above. The percentage of GA removal and adsorption capacity were
determined by eqs. 1 and 2, respectively.

Concerning the tests in acidified tap water containing both GA and
Pb(II), a simulated tap water matrix was prepared according to Annex
B2 of the second protocol of the French Norm NF P41-650 [51], then
acidified by a few drops of nitric acid (0.4 M) until 5 pH value was
achieved. 2 mg of HA were added in 20 mL of the simulated tap water,
followed by 2 mg of GA (GA concentration in the final solution = 100
mg/L). 10 mg of ZIF-67 were added, and the mixture was maintained
under stirring. After 15 min, the adsorbent was removed by filtration
and the variation in concentration of GA was monitored by UV-vis
spectroscopy, and the percentage of GA removal and adsorption ca-
pacity were calculated as reported above.

2.3.4. Reusability tests

ZIF-67 was subjected to seven recycle tests. More in detail, 10 mg of
ZIF-67 was suspended into 20 mL of 10 mg/L GA and magnetically
stirred for 30 min. At the end of each run, the MOF was removed from
the solution by centrifugation, washed with ethanol, dried and reused.

The removal efficiency of ZIF@GA towards Pb(II) was investigated
over multiple adsorption cycles (five). At the end of each cycle, ZIF@GA
was separated by centrifugation, washed with deionized water and
reused.

2.4. Immobilisation of ZIF-67 on a filter paper and continuous flow-
adsorption study

A ZIF-67 dispersion in deionized water (1 mg/mL; total volume = 30
mL) was filtered through a 55 mm diameter, 210 pm thick filter mem-
brane support to create a homogeneous ZIF-67-based filter. More details
are reported in the Supplementary Information file (S3). GA removal
was performed on the ZIF-67-modified filter. 100 mL of GA solution (10
mg/L) was passed through the ZIF-67-modified filter in a continuous
flow. The filtered solution was spectroscopically analysed, as reported
above, and the percentage of GA removal and adsorption capacity were
determined by eqs. 1 and 2, respectively.

3. Results and discussion
3.1. Characterisation

The successful obtaining of ZIF-67 was verified by several analytical
techniques. Fig. 2 A compares the simulated pattern of ZIF-67 and the
experimental pattern of the as-synthesised material. In addition, the CIF
file of ZIF-67, stored in the Cambridge Crystallography database (CCDC-
7247762), was used to realise the simulated pattern of ZIF-67 by Mer-
cury 3.8 software. Furthermore, using the CIF file, the structure of ZIF-
67 was realized using Vesta software (Fig. 2 B and C). The results
demonstrate that the experimental XRD pattern was in good agreement
with the simulated one. More in detail, the synthesised ZIF-67 displayed
intense peaks at 20 = 7.5°, 10.1°, and 12.8°, corresponding to (110),
(200), and (211) planes, respectively. The absence of any extra signal
confirms the purity of the obtained material.

The morphology and chemical composition of ZIF-67 were investi-
gated by TEM, FESEM and EDX. Fig. 3 (A and B) exhibits individual
particles of ZIF-67 with an average size in the 0.5-1.2 pm range. Ac-
cording to the literature [59,60], the predominant morphology of the
particles is identified as chamfered cubes, specifically exhibiting a
truncated rhombic dodecahedral structure, as also confirmed by the
TEM results (Fig. 3H-J). The EDX mapping (Fig. 3C-G) identified and
visualised the spatial distribution of the elements across the material's
surface (56.4% C, 19.4% Co, 14.5% N, and 9.7% O), revealing a ho-
mogeneous composition. The presence of oxygen can be attributed to
the water molecules present as a structural component in the MOF.

The functional groups of ZIF-67 were investigated by FTIR analysis,
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Fig. 2. A) Experimental (green) and simulated (purple) XRD patterns of ZIF-67; B) and C): unit cell and packed structure of ZIF-67, respectively. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

as shown in Fig. 4 A. The bending vibration of the 2-methylimidazole
ring may be responsible for the peak at 680 cm™!. The peak at 756
em™! corresponds to the C—H bending of the linker, whereas the peak at
983 cm ™! is due to the occurrence of C—N bending vibration, and the
stretching vibration of C—N is identified at 1141 cm™!. Moreover, the
vibrations of C—=C and C=N bonds of the imidazole ring are responsible
for the peaks at 1308 cm ™! and 1430 cm ™}, respectively. Beyond 2000
cm ™! no significant spectroscopic signals are present.

The thermal stability of ZIF-67 was verified by TGA analysis (Fig. 4
B). ZIF-67 exhibited an initial weight loss of 5% associated with the
elimination of water molecules present on the MOF, in agreement with
the TEM results. Interestingly, ZIF-67 was thermally stable up to 470 °C,
whereas beyond this temperature, the framework collapses because of
the decomposition of the organic linker (2-MIM), and the leftover 20%
weight corresponds to the presence of cobalt ions, whose presence was
confirmed by EDX analysis (Fig. 3C and D).

The N, adsorption-desorption isotherm of the synthesised MOF is
shown in Fig. 4 C. ZIF-67 displayed a typical type II adsorption isotherm,
with a type-4 hysteresis, which denotes a micro-mesoporous structure
and slit-shaped pores. The Brunauer Emmett Teller (BET) surface area
resulted in 1623 m%/g. In addition, the mean pore diameter of ZIF-67
was 4.12 nm, in the range of mesopores (2-50 nm) (Fig. 4 D). The
chemical composition of the ZIF-67 surface was determined by XPS in-
vestigations, and the results are reported in Fig. 5 A. The HR spectrum of
Cls exhibited 2 peaks at 283.89 eV and 286.35 eV, corresponding to
C—=C and C=N, respectively (Fig. 5 B), wherein C—=C and C=N corre-
spond to the imidazole ring present in the organic linker (2-MIM). The
HR spectrum of N1s (Fig. 5 C) exhibited 2 peaks at 397.25 eV and
400.65 eV, which correspond to pyrrolic N of the organic linker and
Co—N bond between the metal and ligand, respectively. The HR spec-
trum of Co 2p (Fig. 5 D) exhibited 2 peaks at 790.16 eV and 793.78 eV,
attributed to Co 2ps,» and Co 2pj o, respectively, wherein Co 2p3/s
corresponds to the +3-oxidation state of Co, and Co 2p; /5 corresponds to
the +2-oxidation state of Co. Furthermore, the peak in the survey
spectrum for oxygen at 535 eV with a single broad peak can be attrib-
uted to adsorbed oxygen, surface lattice oxygen, as well as adsorbed

water (Fig. S1).

If on one hand, the thermal stability of ZIF-67 is well documented
and demonstrated [52], on the other hand, its water stability is
controversial. In fact, some authors demonstrate that ZIF-67 is not stable
in an aqueous environment owing to the spontaneous hydrolysis of ZIF-
67 due to the breaking of the weak Co-Imidazolate bond [53], whereas
others demonstrate their outstanding performances in water treatment
[54-56]. The ZIF-67 water stability is a function of exposure time, as its
framework's cobalt-nitrogen bonds are susceptible to hydrolysis,
causing structural degradation, especially in prolonged aqueous condi-
tions [47]. Fig. 6 displays the XRD results of the water stability test over
time for the as synthesised ZIF-67.

As it is possible to observe, after 2.5 h of water exposure, the
framework of the synthesised ZIF-67 began to collapse, according to the
literature. However, thanks to the extremely fast adsorption kinetics of
ZIF-67 towards organic species (as reported below), this did not repre-
sent a limit for the present application. Therefore, ZIF-67 is best suited
for rapid or single-pass adsorption processes rather than prolonged
batch treatments. Similarly, stability tests at different pH values were
performed, because they are an important aspect for materials' charac-
terisation. However, as for the water stability studies, also in this case
the results of the various characterisation studies of any material should
be functional to its practical application. In this regard, it is worth noting
that polyphenols are generally unstable in alkaline conditions, degrad-
ing, oxidising, and dimerising more readily as pH increases (e.g., above
7), whereas in acidic environments they provide greater stability [57].

However, the ZIF-67 stability is also a function of the pH value of the
water matrices where it is suspended and the exposure time, as its
framework's cobalt-nitrogen bonds are susceptible to hydrolysis,
causing structural degradation, especially in acidic media [47]. In fact,
in severe acidic conditions, ZIF-67 degrades quickly because the meth-
ylimidazole linkers get protonated, weakening the Co—N coordination
bonds, leading to framework collapse.

Therefore, any attempt to treat ZIF-67 at acidic (< 3) or alkaline (>
10) pH values failed, resulting in complete degradation of the material
even for short exposure times.
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Fig. 3. A and B) FESEM images; C) EDX spectrum; D-G) elemental mapping; H-J) TEM images of ZIF-67.

In contrast, when exposed to aqueous solutions buffered at pH 3-9,
the synthesised material maintained a certain stability for short expo-
sure time, which then decreased over longer periods (24 h) (Fig. S2).
Fig. S2 presents the FTIR spectra of ZIF-67 and ZIF@GA following
treatment in different aqueous environments (pH 3, 5 (spontaneous pH),
and 9) for 15 min and 24 h. For a short exposure time (15 min), the FTIR
spectra of both ZIF-67 and ZIF@GA (Fig. S2 A and C) show only minor
changes compared to the pristine MOF. All the characteristic bands
remain present, with no significant variations in intensity.

Specifically, the band at 427 cm ™! is assigned to the Co—N stretching
vibration. The peaks at 2924 cm ™! and 1578 cm ™! correspond to the
C—H stretching vibration of the methyl group and the C=N stretching
vibration of the imidazole ring, respectively. The broad band observed at
3425 cm™! is attributed to hydroxyl groups from physically adsorbed
water. The stretching vibration within the imidazole ring appears at
1416 cm ™. Finally, the bands in the range 1168-1146 cm ™ are related

to out-of-plane bending vibrations, while the signal at 992 em™! is

associated with in-plane bending vibrations.

In contrast, after prolonged exposure (24 h) to both acidic and
alkaline environments (pH 3 and 9), for ZIF-67 noticeable changes are
observed (Fig. S2 B), including variations in peak intensities, appearance
of new peaks at 3447 cm ™! is because the OH-stretching vibration of the
surface hydroxyl groups, which are formed as a result of the interaction
of the water molecules with the coordinatively unsaturated metal sites.
Moreover, the broad peak in the 1650-1350 em! spectrum could be
explained by the bending vibration of the adsorbed water molecules,
which was related to the broad O—H stretching band at a wavenumber
of about 3450 cm™!. Furthermore, the disappearance of the band at 427
cm ! assigned to the Co—N stretching vibration, indicating chemical
alterations.

The structure change is more pronounced in the FTIR spectra of
ZIF@GA (Fig. S2 D) where the broadening of peaks in the ranges
1386-1568 cm ™! suggests structural deformation of the imidazole ring
[58]. Also, the peak at 3434 cm™ ! corresponds to OH™ stretching
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According to the FTIR investigations, the crystallinity studies (Fig. S2
E-H) revealed a complete perturbation of the crystal structure only after
prolonged water exposure (24 h) (Fig. S2 F and H), whereas the XRD
signals remain unchanged for short water treatment (15 min) (Fig. S2 E
and G).

The aqueous solutions used for each of these tests were analysed by
the ICP-OES technique to quantify potential Co leaching due to ZIF-67
and ZIF@GA degradation. As reported in the literature [47], the
framework of ZIF-67 cobalt-nitrogen bonds is susceptible to hydrolysis,
causing structural degradation, especially in acidic media. The results
(Table S2) demonstrated very low cobalt leaching for both materials
under the different environmental conditions.

As expected, in acidic conditions and for long exposure time, the
leaching is more pronounced.

Moreover, the percentage of cobalt release is one order of magnitude
greater for ZIF@GA compared to ZIF-67. This different behavior can be
attributed to a certain instability of ZIF-67 structure when exposed to
GA, probably associated with a partial substitution of the organic linker
(2-MIM) with GA.

The bioluminescence test was chosen to investigate the possible
toxicity of the effluent of ZIP-67 treatment. The test is recognized at
international scale as a useful tool for the ecotoxicological monitoring of
water and solid samples. The target organism is a bioluminescent bac-
terium (Aliivibrio fischeri) and the acute toxicity is measured as a
decrease of the bioluminescence emitted after 5 and 15 min of exposure.
The bioluminescence test was performed on the effluent derived by the
suspension of ZIF-67 for 15 min in deionized water at spontaneous pH
(5). The 81.9% Basic Test protocol was applied, including a blank con-
trol and serial dilutions of the sample, and the luminescence signal was
measured after 5, 15, and 30 min of exposure (Table S3). The results

showed that bioluminescence emission increases with time also in the
blanks and does not decrease with increasing concentrations of the
sample. No concentration-dependent inhibition of bioluminescence
emission occurred.

Therefore, the sample shows no evidence of appreciable acute
toxicity under the tested conditions.

3.2. Effect of contact time, temperature and initial concentration on GA
adsorption

Quick adsorption kinetics is crucial for adsorption processes. In
particular, as reported above, this is a crucial point for ZIF-67 that suf-
fers from being exposed to aqueous environments for prolonged periods,
because of the spontaneous hydrolysis of ZIF-67, due to breaking of the
weak Co-Imidazolate bond [53]. Fig. 7 depicts the effect of contact time
on the GA abatement at different initial concentrations in the range
10-1000 mg/L.

As it is possible to observe, at low to moderate GA concentrations
(10-100 mg/L), the polyphenol was rapidly and effectively adsorbed on
the active sites of the synthesised MOF, which remain fully available
under these conditions. In contrast, at higher initial GA concentration
(1000 mg/L) the uptake rose sharply in the first minutes of the experi-
ment, confirming a fast adsorption rate, but subsequently levels off as
equilibrium approaches. This plateau confirmed that the adsorbent
reached its saturation capacity. In these conditions, after 30 min treat-
ment, ZIF-67 was able to absorb 39% of the initial GA amount.

Although the scientific literature reports several works on the
adsorbent capacities of ZIF-67 towards phenols [59,60], it lacks studies
on polyphenol removal. Moreover, to be useful and effective in real
conditions, an adsorbent material should be able to remove a good part
of polyphenols that are generally present in wastewater in
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Fig. 5. A) XPS survey spectrum; B—D) High-resolution spectra of Cls, N1s, and Co2p, respectively, of ZIF-67.

concentrations of 0,1-20 g/L. In this scenario, ZIF-67 stands out as a
promising candidate, removing from 100% to 39% of GA for an initial
polyphenol concentration of 0.1-1 g/L. Fig. S3 displays the adsorption
capacity of ZIF-67 towards GA at different temperatures. It is worth to
notice that temperature variation did not have a significant impact on
the material's performance. This behavior can be attributed to the
minimal influence of temperature variation on the intermolecular
electrostatic interactions governing the adsorption process.

ZIF-67 used for GA adsorption (ZIF@GA) was characterized in depth
by several techniques (XRD, BET, XPS, and FTIR) to assess its stability,
and the results are summarised in the Supporting Information (Fig. S4).
The XRD pattern of the spent material (Fig. S4 A) confirms that the ZIF-
67 retained its structure even after GA adsorption. The Ny adsorption/
desorption isotherm of ZIF-67 @GA was still of type II (Fig. S4 B) with a
strongly reduced value of surface area (78.50 m?%/g). The decrease in
surface area, compared to the pristine material (1623 m?/g), was due to
the loading of GA onto the framework of ZIF-67, which partially blocked
the pores and consequently reduced the accessible porous structure.
Furthermore, ZIF@GA exhibited a type-4 hysteresis indicative of micro-
mesoporous structure, with a mean pore diameter of 15.18 nm (Fig. S4
Q).

As shown in Fig. S4 D, the FT-IR spectra of pristine ZIF-67 and
ZIF@GA exhibit important differences. More in detail, the FTIR spec-
trum of GA is characterized by the stretching bands of C=0 and C=C at
1675 em ! and 1540 ecm ™}, respectively, due to the presence of a pro-
tonated carboxylic acid group and aromatic ring. On other hand,
ZIF@GA exhibits two characteristic signals at 1380 cm™! and 1565
em™), associated to the presence of the symmetric and asymmetric
stretching vibrations of the carboxylate group of gallate-metal species
[61]. These results confirm the formation of gallate-Co species on the

surface of ZIF-67.

The changes in the chemical states and the bonding environment of
the elements after the adsorption of GA were analysed through XPS
analysis. The ZIF@GA survey spectrum (Fig. S5 A) showed that all ele-
ments, including Co, O, and C, were retained except for N, suggesting
that GA covers N reducing the intensity of its signal. The HR spectrum of
Cls is deconvolutes in 2 peaks at 281.34 eV and 283.35 eV, corre-
sponding to C—C and C=O0, respectively (Fig. S5 B), associated to GA.
Similarly, the HR spectrum of O1s (Fig. S5 D) can be deconvoluted in 3
peaks at 532.24 eV, 530.13 eV and 526.39 eV corresponding to the O-
C=0, OH and Co—O, respectively, wherein the O-C=0 and OH are from
the carboxyl group of GA. The HR spectrum of Co 2p (Fig. S5 C)
exhibited 2 peaks at 783.76 eV and 801.78 eV, which correspond to Co
2p3/2 and Co 2p; /5, respectively, wherein Co 2ps/, corresponds to the +3
oxidation state of Co, and Co 2p; /2 corresponds to the +2 oxidation state
of Co as the N from the imidazole ring binds with the Co ion.

As reported above for FTIR investigation, during GA adsorption, the
formation of Co(II)-gallate complexes with possible cyclic Co(II)/Co(III)
redox in the presence of Oz cannot be ruled out. The clear colour change
of ZIF-67 observed after adsorption tests (pristine ZIF-67 purple — used
ZIF-67 darker shade (Fig. 12 below)) water molecules coordinating with
Co%* and altering its ligand field environment. In the high-resolution Co
2p XPS spectrum of the used material (Fig. S5 C), the intensity increase
of the Co(III) peak confirms the previous hypothesis.

3.2.1. Effects of salts and organic interferences on GA adsorption
Numerous metal ions and salts present in industrial wastewater
might act as interfering agents in the adsorption processes. Their pres-
ence may compete with or disrupt the interaction between the adsorbent
and the target species. The influence of salts on the adsorption
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performances of ZIF-67 towards GA adsorption was properly investi-
gated by adding different sodium salts, including nitrate, sulphate, and
chloride.

Fig. 8 A displays that ZIF-67 maintains excellent removal efficiency
towards GA removal even in the presence of sodium salts, with values
exceeding 95%. Bicarbonate salts were not investigated as potential
interferences because of the low stability of both polyphenols and ZIF-67
in alkaline conditions, as discussed above.

The adsorption performance of ZIF-67 towards GA was also assessed
in the presence of organic dyes. The effect of both anionic (CR and MO)
and cationic dyes (MB and RB), evaluated either as single components or
in combinations, anionic (MO + CR), cationic (MB + RB), and mixed
anionic-cationic (CR + MB), was investigated, and the results are shown
in Fig. 8 B and Fig. S6. The molecular structure and the absorption
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maximum wavelength of the selected dyes are displayed in Table S1. The
results indicate that ZIF-67 maintained a high GA removal efficiency in
the presence of anionic dyes and their mixtures, although a slight
decrease was recorded moving from CR to MO. In contrast, the simul-
taneous presence of cationic dyes led to a noticeable deterioration of the
ZIF-67 performance. Previous investigations on dye removal by ZIF-67
have demonstrated the promising activity of this material for the
removal from water matrices, particularly for anionic dyes by =n-n
stacking interactions and coordination between the nitrogen and oxygen
atoms of dye molecules and the metal ions in the ZIF-67 [62,63]. Based
on these considerations, although anionic dyes can compete with GA for
the active sites of the adsorbent, it is possible to conclude that they can
simultaneously act as a secondary adsorption shell surrounding the ZIF-
67 particles. This effect likely enhances GA uptake by promoting in-
teractions between the amino groups on the aromatic rings of CR and
MO and the carboxylic group of GA. In contrast, although cationic dyes
were partially adsorbed on ZIF-67, their positive charges can cause
electrostatic repulsion, hindering GA adsorption and reducing the
overall efficiency.

3.2.2. Selectivity investigation

The selectivity of ZIF-67 towards the removal of other polyphenols,
such as caffeic acid (CA), trans-ferulic acid (t-FA), 4-hydroxybenzoic
acid (4-HBA), and eudesmic acid (EA), in addition to GA, was also
investigated, and the results are reported in Fig. 9.

The comparison of the 100% removal efficiency achieved for GA
with the efficiencies measured for the other polyphenols reveals the
following decreasing trend: GA = CA > 4-HBA > t-FA > EA. By exam-
ining the results reported in Fig. 9 with the chemical structure of the
selected polyphenols (Fig. S7), it is evident that the ZIF-67 removal
capacity is influenced by the number of hydroxy groups (-OH) on the
benzene ring of the investigated compounds.

GA has three hydroxyl groups on the benzene ring, whereas CA
contains only two.

However, in both cases the hydroxyl groups are arranged in a vicinal
(adjacent) position, permitting strong coordination interactions with the
Co(II) centres of the ZIF-67, and consequently promoting high removal
efficiency. In contrast, 4-HBA and t-FA possess only a single hydroxyl
group on the benzene ring. Although ZIF-67 still removed a certain
fraction of these compounds, the performances were markedly lower,
because the single OH group interacts less with the Co(II) sites. The
reduced removal efficiency observed for t-FA can be attributed to the
presence of the adjacent -OCHj3 group, causing steric hindrance and
further weakening its interaction with the adsorbent. Finally, the
absence of any hydroxyl group in the chemical structure of EA accounts
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Fig. 7. Adsorption uptake with time at different initial GA concentrations (Cga = 10 mg/L, 100 mg/L, 1000 mg/L). In the inset, an expansion in the time window

0-10 min is reported.
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for its poor adsorption. Concluding, ZIF-67 is a promising adsorbent for
polyphenols characterized by the presence of hydroxyl groups on the
benzene ring, whereas its effectiveness markedly decreases for mole-
cules lacking such functional groups.

3.2.3. Reusability

To assess the stability of ZIF-67 under the reaction conditions, a
reusability test was performed for up to seven adsorption-desorption
cycles. As shown in Fig. 10, ZIF-67 retained a removal efficiency
above 95% during the first two cycles, and relatively stable performance
up to the fifth cycle. However, a pronounced decline in adsorption ef-
ficiency was observed during the sixth and seventh cycles. This deteri-
oration can be reasonably attributed to cumulative pore blockage by
residual adsorbate species, partial occupation of active coordination
sites, and gradual structural destabilization during repeated adsorption-
desorption treatments [64]. These effects collectively reduce accessible
surface area and hinder mass transfer, ultimately leading to diminished
adsorption performance beyond the stable regeneration limit.

Nevertheless, the adsorbed polyphenols can be readily recovered by
washing the material with ethanol, followed by evaporation of the sol-
vent. To evaluate the structural evolution of the materials after repeated
GA adsorption-desorption cycles, FTIR, XRD, and BET analyses were
performed, and the results are reported as shown in Fig. S8.

The FTIR spectrum (Fig. S8 A) of the spent MOF displays the
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Fig. 10. Reusability test of ZIF-67 for GA removal over 7 consecutive cycles:
initial Cgy = 10 mg/L.

characteristic Co—N stretching band (528 cm™ ) of ZIF-67. However,
the other characteristic functional groups of the MOF are not clearly
visible, as after seven cycles the framework is covered with GA. The
bands at 1506 cm™! and 1361 cm™! refer to symmetric and asymmetric
stretching vibrations of the carboxylic O-C=0 bond of GAs, as well as the
broad signal at 3412 cm ™}, associated with the OH stretching of GA. The
major diffraction peaks of spent ZIF-67 are preserved, as shown in
Fig. S8 B, confirming retention of the crystalline framework. Neverthe-
less, there are shifts in minor peaks and new peaks, associated with pore
blockage and GA adsorption.

Finally, a noticeable decrease in the specific surface area (< 1 m?/g
(0.75 mz/g)) and mean pore diameter (to 3 nm) was observed after
repeated cycles by BET analysis (Fig. S8 C). Also, this reduction is pri-
marily attributed to partial pore blockage by residual GA molecules and
slight framework destabilization during regeneration. The diminished
porosity directly limits the accessibility of active sites, which correlates
well with the pronounced decline in adsorption capacity observed
beyond the seventh cycle.

3.3. Adsorption kinetics

To investigate the adsorption kinetics of ZIF-67 towards GA, both the
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pseudo-first order (PFO) and the pseudo-second order (PSO) reaction
models were used. These models were fitted to the experimental data to
evaluate the rate mechanisms governing the adsorption process, using
the linearized forms presented in eq. S1 and S2. The resulting kinetic
parameters are summarised in Table 1. Figs. S9 A and B display the ki-
netic model plots for the adsorption of GA onto ZIF-67. The PSO model
displayed a superior fit compared to PFO, as resulted by the R? value
closer to 1. Additionally, the agreement between the estimated values
and the experimental one support the suitability of the PSO model in
describing the adsorption kinetics of GA on ZIF-67.

Using the Weber-Morris equation (eq. S3), the diffusion mechanisms
governing the adsorption process were investigated. This model allows
the estimation of the contribution of the intra-particle diffusion to the
adsorption rate. For ZIF-67, the regression plot shows a linear region
that does not pass through the origin (Fig. S9 C), suggesting that the
intra-particle diffusion is not the unique process responsible of the rate-
controlling. The boundary layer diffusion or external mass transfer plays
a crucial role, as reflected by the intercept value (C = 0.0471).

However, as the previous observed, both surface diffusion and intra-
particle diffusion significantly influence the adsorption mechanism. To
further determine which step primarily controls the adsorption rate of
adsorption and to clarify which factor has a greater impact, the Boyd
kinetic model was applied. By eq. S4 a plot “Bt” vs. time “t” yields the
Boyd plot (Fig. S9 D), characterized by a straight line that does not pass
through the origin. This indicated that surface diffusion is the primary
rate-controlling step. This finding corroborates the results of the
Weber-Morris analysis, confirming that surface diffusion or film diffu-
sion mostly determine the adsorption kinetic of GA onto ZIF-67.

3.3.1. Adsorption isotherm

Adsorption isotherms investigations were carried out for the GA
removal by ZIF-67, and the corresponding parameters are reported in
Table 2, whereas the fitted isotherm plots are shown in Fig. S10 A and B.
Widely accepted isotherm models, like Langmuir and Freundlich, were
employed to simulate the experimental data in order to study the nature
and progress of the adsorption process (eq. S5-S7). The Langmuir
isotherm assumes monolayer adsorption on a homogeneous surface with
uniformly energy-dense, finite, and defined active sites. Conversely, the
Freundlich model accounts for multilayer adsorption on heterogeneous
surfaces possessing sites with varying adsorption energies [65]. Based
on the results displayed in Fig. S10 A and B, the Freundlich isotherm
seems to display a superior fit compared to the Langmuir isotherm with
an R? value closer to 1. This suggests that the adsorption of GA onto ZIF-
67 is better described by a multilayer adsorption mechanism occurring
on heterogeneous surface sites.

Furthermore, the concentration of the substance is crucial in deter-
mining the adsorption performance of a material. Based on the con-
centration study and using egs. 1 and 2, it was observed that when 10 mg
of MOF was employed, removal efficiency exceeding 99% were achieved
for GA concentrations up to 20 mg/L. However, as the initial GA con-
centration increased, the adsorption efficiency gradually declined due to
the progressive saturation of the active sites.

3.3.2. Adsorption mechanism

The plausible mechanism for the adsorption of GA could be associ-
ated with multiple synergistic interactions between the MOF and the
polyphenol molecule (Fig. 11). The positively charged metal centres on

Table 1
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Table 2
Outline of Langmuir and Freundlich isotherm parameters for ZIF-67.

Langmuir isotherm Freundlich isotherm

Ky (L/mg) R R? 1/n Kp R?

31.20 0.00318 0.4532 2.5109 8.07476 0.92167

the ZIF-67 surface can engage in electrostatic interactions with the
functional groups of GA (hydroxyl and carboxyl groups). The XPS results
revealed that cobalt ions in ZIF-67 exist in both +2 and + 3 oxidation
states, enabling different modes of interaction according to the Hard
Acid Soft Base (HSAB) principle [66], or promoting coordination in-
teractions. Both oxidation states can coordinate with the hydroxyl
functionalities of GA, leading to the formation of stable metal-ligand
complexes. These coordination interactions, combined with electrostatic
attraction and other surface forces, contribute significantly to the
adsorption of GA onto ZIF-67.

3.4. Continuous flow adsorption study

The use of adsorbents in powder form presents several practical
challenges, such as difficult separation from liquids, handling issues,
high pressure drops when used in packed beds systems, etc. These lim-
itations are mainly associated with their fine particle size, which makes
recovery challenging, and to the potential loss of surface area during
repeated use, necessitating efficient regeneration strategies. Although
many approaches have been investigated to overcome these drawbacks
(immobilisation in membranes, foams, beads, and natural materials,
preparation of magnetically modified MOFs, etc. [67]), the simplest and
cheapest method remains the adsorbent immobilisation of adsorbents on
commercial filter paper. Zr-based MOF have been successfully immo-
bilised on carboxymethylated filter paper for the removal of methylene
blue from water [68]. Similarly, Yang et al. reported the fabrication of
NH,-MIL-125 (Ti)-modified filter paper for the removal of organo-
phosphorus pesticides from aqueous solution and vegetables [69], to
name a few.

Some studies have already been already reported to support ZIFs on
paper filters. Cai et al. successfully loaded ZIF-67 on a commercial paper
filter to fabricate a catalytic filter paper for the degradation of bisphenol
A in water by peroxymonosulfate activation [70]. Abdelhamid and
Mathew proposed Whatman® cellulosic filter paper as a support for both
ZIF-8 and ZIF-67 for the catalytic reduction of 4-nitrophenol [71].
Additionally, Park and Oh investigated the adsorption performance of
both ZIF-8 and ZIF-67 grown on carboxymethylated cellulose filter
paper towards anionic dyes [72].

These studies collectively highlight the versatility and potential of
paper-supported ZIF materials for catalytic and adsorption applications.

Here, a ZIF-67-modified filter paper was tested for the continuous-
flow removal of GA, as shown in Video 1 and Fig. 12 A. At the begin-
ning, the adsorption performance of the pristine (unmodified) filter
membrane towards GA was evaluated under identical experimental
conditions. The results (Fig. S11) showed negligible GA removal. Then,
an aqueous ZIF-67 dispersion (1 mg/mL in 30 mL of deionized water)
was filtered through a Whatman filter paper support to fabricate a ZIF-
67-based filter. The modified filter paper was mounted in a dead-end
filtration setup, and 100 mL of GA solution (10 mg/L) was prepared

Kinetic parameters obtained from the PSO and PSO, and Weber-Morris models for GA adsorption onto ZIF-67.

Pseudo-first order

Pseudo-second order

Weber-Morris model

Initial Conc. (mg/L) Qe, exp. K; (min™1) Qe, R? Ks (g mg’1 min 1) Qe, R? Kine (mg/g min %> C (mg/g) R?
(mg/g) Cal Cal
(mg/g) (mg/g)
10 95.8 —0.0013 1.2316 0.9746 0.3454 99.20 0.9995 0.0504 0.0471 0.9525

10



A. Rgj et al.

Intra-particle (pore)
diffusion g%

Separation and Purification Technology 395 (2026) 137783
y
o

e
I

Ho

(]
I

Electrostatic
interaction

Fig. 11. Possible adsorption mechanism of GA onto ZIF-67.

A

N\

Adsorbance (a.u.)

Before ‘

1.0

Filter paper
Before
0.8 —— After
0.6
0.4
0.2 1
0.0 T T T
240 260 280 300
Wavelength (nm)

Fig. 12. (A) Demonstration of the removal of GA using the ZIF-67-based filter paper. (B) ZIF-67-based filter paper before and after GA adsorption. C) UV-vis GA
solution before and after passage through the ZIF-67-based filter paper (initial Cga = 10 mg/L; V = 100 mL).

and passed through the ZIF-67 filter in a continuous flow at 16.5 inHg
with a flux of 983.86 L m ™2 h’l, as shown in video 1 and Fig. 12 A (more
details are reported in the Supplementary Information file, S3).

The ZIF-67-modified filter paper exhibited an initial flux of 983.86 L
m~2h~!, which remained stable over 0.5 h of continuous operation. The
removal efficiency remained above 95% (confirmed by spectroscopic
analysis (Fig. 12 C), indicating good operational stability and service
life. The effectiveness of the GA adsorption on ZIF-67 was also visually
evident from the colour change of the material after treatment (Fig. 12
B).

3.5. Heavy metals removal by ZIF@GA

Although the adsorption approach is a cost-effective way for water

purification, it inevitably produces unwanted secondary waste in the
form of exhausted adsorbents. The reuse of spent adsorbents offers a
promising and economical solution to address disposal challenges while
supporting environmental sustainability [73]. In this perspective, the
spent ZIF-67, previously used for the GA abatement (ZIF@GA), was
repurposed and evaluated for the removal of heavy metals from aqueous
solutions. Pb(II) and Cd(II) were selected as representative cationic
metals, whereas Cr(VI) was chosen as an anionic one.

In fact, depending on the solution pH value, hexavalent chromium
(Cr(VI)) species in wastewater may be in different forms, such as chro-
mate (Croﬁ_), hydrogen chromate (HCrOy), and dichromate (CrZO%_).
At neutral to alkaline pH (6.5-12), the dominant form of Cr(VI) is the
more stable CrO%’ [74]. After the addition of ZIF@GA, the pH of the Cr
(VI) mixture used for the adsorption tests reported in the present
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manuscript was about 8.5. Therefore, CrO3~ was the main form of
hexavalent chromium present in solution.

The corresponding adsorption results are presented in Fig. 13.

The adsorption efficiency of ZIF-67 towards Pb(II) removal is well
documented in the literature [75,76]. Although the material's adsorp-
tion capability varies with the experimental conditions, in general this
method remains time-consuming. In this regard, Fig. 13 A compares the
adsorption performance of pristine ZIF-67 and ZIF@GA towards Pb(II)
removal under identical conditions. As shown, ZIF@GA outperforms the
pristine MOF, achieving a complete metal removal from the solution,
whereas ZIF-67 removes about half. If on one hand the enhanced
adsorption properties of ZIF@GA can be attributed to the GA modifi-
cation of the MOF surface, acting as a chelating agent for metal cations
[77], on the other hand it is worth assessing explicitly the effect of pH
value on metals speciation and potential precipitation explicitly. Lead
exists predominantly as Pb(II) in aqueous solution up to a pH value of
approximately 6-7 [78]. At higher pH values, hydrolysed species, such
as Pb(OH)™, and less soluble forms, such as Pb(OH)s, become increas-
ingly prevalent. The latter, in particular, can precipitate under alkaline
conditions, due to its low solubility.

To rule out the possibility that lead removal was due to precipitation
rather than adsorption, the pH of the suspensions was measured before
each of the two tests. In both cases, after the addition of the adsorbent
the pH value was approximately 8.5. Under these conditions, lead is
mainly present in solution as Pb(OH) ™, although the formation of the
sparingly soluble Pb(OH): precipitate cannot be entirely ruled out.

Despite the potential formation of minor precipitated lead species,
the identical spontaneous pH values measured for both MOF suspensions
permit to attribute the different Pb(II) removal efficiencies to the ad-
sorbents themselves. The markedly superior adsorption properties of
ZIF@GA can be associated to the presence of the polyphenol on the MOF
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surface, exploiting the carboxyl phenolic group on the surface of
ZIF@GA able to coordinate metal cations [63], as confirmed by the FTIR
spectrum of ZIF@GA@Pb showing a slight shift and intensity change of
the the COO— bands, consistent with the participation of carboxylate/
phenolic oxygen sites in Pb(II) binding (Fig. S12).

The effect of the initial Pb(II) concentration on the adsorption ca-
pacity of ZIF@GA was also investigated (Fig. 13 C). The results
demonstrated that the material retained very promising activity up an
initial Pb(II) concentration of 40 mg/L, after which ZIF@GA progres-
sively achieves saturation of its active sites.

Moreover, the removal efficiency of Pb(II) over multiple adsorption
cycles (five) is shown in Fig. 13 B. As it is possible to observe, the GA-
modified MOF retained stable adsorption efficiency during the first
two cycles, followed by a gradually decline over the subsequent three
cycles, indicating a progressive saturation of the active sites on ZIF@GA
and/or significant deterioration of the active adsorption sites. Even in
this case, the structural evolution of the materials after five repeated Pb
(II) adsorption cycles was properly evaluated (Fig. S13).

The characteristic Co—N stretching band (516 cm™!) and imidazo-
late ring vibrations of C—N (1047 c¢m 1) remain well evident in the FTIR
spectrum of the spent material (Fig. S13 A), confirming partial retention
of the coordination framework. Moreover, the characteristic signals of
GA at 1506 cm™! and 1366 cm™!, referring to the symmetric and
asymmetric stretching vibrations of the carboxylic O-C=0 bonds, as well
as the broad peak at 3369 cm ™! associated to the OH stretching, are still
present. Finally, an additional peak at 612 em}, assigned to the Pb—O
bond, as a result of secondary adsorption, confirm the metal adsorption
on the modified-MOF surface.

The XRD pattern (Fig. S13 B) of the spent material demonstrates a
noticeable reduction in the intensity of ZIF-67 peaks, suggesting a partial
loss of crystallinity. The decrease in peak intensity indicates a disruption
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of long-range order, likely due to the breaking of organic bonds or a
change in the coordination environment of the metal.

As expected, at the end of Pb(II) adsorption, a pronounced reduction
in the specific surface area (< 1 m?/ g(0.29 m?/ g)) was observed, as well
as in the mean pore diameter (54 nm). This reduction is attributed to
partial pore blockage by Pb(II) species and occupation of active sites,
which explains the gradual decline in adsorption capacity beyond the
fifth cycle. Such obstruction limits the availability of adsorption sites
and mass transfer pathways, thereby accounting for the gradual decline
in adsorption capacity observed beyond the fifth cycle. Even if the spent
ZIF@GA@PD seems to be characterized by a slight greater pore diameter
value than spent ZIF@GA, at this very low value of surface are this
discrepancy can be attributed to analytical uncertainty.

Additionally, leaching tests were conducted utilising ICP-OES anal-
ysis to ascertain the stability of ZIF-67, monitoring Co and Pb. Firstly,
the leaching of Co ions from ZIF-67 was assessed after 1 h and 24 h of
water contact, yielding leaching levels of 0.662 mg/L and 0.634 mg/L,
respectively. The difference in the leaching between the two measure-
ments (after 1 h and 24 h) was 0.028 mg/L, suggesting that the initial 1 h
leaching level of cobalt ions (i.e., 0.662 mg/L) could be due to: (a) re-
sidual free cobalt ions which often remain unreacted during the syn-
thesis of ZIF-67, (b) trapped precursors or byproducts retained due to
unreacted ligands or solvents. According to the World Health Organi-
sation (WHO), the suggested health-based value for cobalt in drinking
water is 0.07 mg/L. Furthermore, the difference between 1 h and 24 h (i.
e., 0.028 mg/L, which is less than 0.07 mg/L) indicates that only
negligible amount of leaching of metal ions occurred during the contact
time. In the case of ZIF@GA, the leaching test performed after lead
adsorption displayed a metal release below the WHO guideline limit for
lead in drinking water.

To assess the selectivity of ZIF@GA towards different metals ions,
additional tests were performed for the removal of Cd(II) and Cr(VI).
Fig. 13 D shows that ZIF-67@GA exhibited a different adsorption effi-
ciency towards these additional metals compared to the results obtained
for Pb(II). More in detail, while ZIF@GA exhibited a very high affinity
towards Pb(II), achieving complete removal within only 3 min of contact
time, its performance towards Cd(II) and Cr(VI) was noticeably lower.
Under the same experimental conditions, removal efficiencies of 58%
for CA(II) and 45% for Cr(VI) were recorded after 15 min. The reduced
affinity of ZIF@GA towards Cr(VI) species is easily attributed to elec-
trostatic repulsion between the partially negative charges present on the
surface of the MOF, due to the presence of GA, and the anionic metal in
solution. Concerning Cd(II) abatement, precipitation of cadmium spe-
cies occurs only at pH values above 10. Therefore, under the conditions
employed here, Cd(II) removal is attributable solely to adsorption rather
than precipitation.

Competitive adsorption analyses considering mixed metal ions sys-
tems were also performed to evaluate the selectivity mechanism of
ZIF@GA towards Pb(II), Cd(II), and Cr(VI) uptake.

Fig. S14 displays that Pb(II) maintains the highest removal efficiency
under competitive conditions, confirming its preferential adsorption
behavior.

The observed selectivity can be explained by considering the solution
chemistry at pH ~ 8 and the surface functional groups of ZIF@GA. At
this pH, a significant fraction of the -COOH groups from GA are
deprotonated to —-COO™, providing negatively charged coordination
sites. Both Pb(II) and Cd(II) can interact electrostatically with these
sites; however, Pb(II) exhibits stronger complexation ability due to its
higher polarizability and greater tendency to form inner-sphere com-
plexes with oxygen-donor ligands (-COO™, —OH).

In contrast, Cr(VI) predominantly exists as anionic species (CrO«Z’)
at pH 8, leading to electrostatic repulsion with the negatively charged
surface sites and therefore significantly lower adsorption. Additionally,
differences in hydrated ionic radius and hydrolysis behavior further
contribute to the selectivity order observed: Pb(II) > Cd(II) > > Cr(VI).
These combined electrostatic and coordination effects synergistically
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favor Pb(II) binding over competing ions in mixed systems.

3.5.1. Adsorption kinetics of Pb(I) over ZIF-67 @GA

The adsorption kinetics were examined to ascertain the equilibrium
time needed for the sorption of Pb(II) ions ZIF-67@GA. Since the effi-
ciency of the adsorption process is closely linked to the contact time
necessary to reach equilibrium, a time-dependent study was performed,
as shown in Fig. 13 D. The results indicate that complete adsorption of
Pb(II) occurs within 15 min. To further study the adsorption kinetics, the
PFO and PSO reaction models were applied with the corresponding
parameters summarised in Table 3.

As shown in Figs. S15 A and B, the PSO model provides a superior fit
to the experimental data, reflected by an R? value approaching unity.

3.5.2. Adsorption isotherm

Further investigations were carried out to evaluate the adsorption
behavior of Pb(II) onto ZIF-67 @GA, as shown in Fig. S16 A and B and
Table 4. The isotherm analysis shows that the Freundlich model pro-
vides a superior fit to the experimental data, with an R? value closer to
unity compared to the Langmuir model. This indicates that Pb(II)
adsorption onto ZIF-67 @GA follows the Freundlich isotherm, consistent
with a multilayer adsorption process occurring on a heterogeneous
surface. Moreover, the maximum adsorption capacity (qe,max) of ZIF-
67@GA for Pb(II) was determined to be 1020 mg/g, highlighting the
material's remarkable affinity for lead ions.

3.5.3. Comparison with other models

The adsorption performance of both ZIF-67 and ZIF-67@GA was
compared with other adsorbents, as summarised in Tables S4 and S5.

When compared with recent data reported in the literature for GA
removal from water matrices, ZIF-67 exhibits a very promising activity
that outperforms that of common activated carbons, clays, agricultural
waste-derived adsorbents, and other MOFs, as displayed in Table S4.
ZIF-67 exhibits superior maximum adsorption capacity (171 mg/g) with
a rapid equilibrium time of only 20 min at pH 5.

In contrast, most reported materials show significantly lower ca-
pacities (0.284-149 mg/g) and/or require much longer contact times
(up to 7200 min). Importantly, ZIF-67 operates efficiently under mild,
room-temperature conditions and maintains performance over 7 reus-
ability cycles, demonstrating both kinetic and operational advantages.

Similarly, as reported in Table S5, ZIF-67 @GA shows an exception-
ally high adsorption capacity of 1020 mg/g towards Pb(II), compared to
other materials. Moreover, adsorption equilibrium is achieved within
only 15 min, highlighting both ultrafast kinetics and practical applica-
bility. The material also retains performance over multiple reuse cycles
(5 cycles).

Overall, these findings highlight ZIF-67 as a highly promising ma-
terial for water purification applications. Its strong adsorption capabil-
ities for both polyphenols and heavy metals, demonstrated by ZIF-67
and ZIF-67@GA, respectively, coupled with its rapid adsorption ki-
netics, underscore its potential utility in practical remediation processes.
Moreover, the facile and sustainable synthesis of ZIF-67 supports the
feasibility of industrial-scale production, while its low energy re-
quirements further enhance its attractiveness for large-scale water
treatment.

3.6. Complex mixture treatment by ZIF-67

Real water matrices contain a variety of complex components, such
as humic substances, suspended solids, and co-existing organic and
inorganic contaminants, which may significantly affect adsorption
behavior of ZIF-67.

To systematically investigate the adsorption performance and
interference resistance of the proposed material under simulated/real
wastewater conditions, supplementary experiments were performed. In
this regard, a series of additional experiments with progressively
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Table 3
Kinetic parameters obtained from PFO and PSO models for ZIF-67 @GA.

Separation and Purification Technology 395 (2026) 137783

Pseudo-first order

Pseudo-second order

Initial Conc. (mg/L)

Qe, exp. K, (min’l) Qe, R? K, (g mg’1 min’l) Qe, R?
(mg/g) Cal Cal
(mg/g) (mg/g)
10 14.06 —0.0005 1.1984 0.1788 0.2325 19.31 0.9995

Table 4
Outline of Langmuir and the Freundlich isotherm parameters for ZIF-67 @GA.

Langmuir isotherm Freundlich isotherm

Ky (L/mg) RL R? 1/n Kp R?

37.01 0.0027 0.3022 1.87991 202.646 0.9215

increasing matrix complexity were realized.

First, competitive adsorption tests were conducted in deionized
water using a binary system containing both GA and Pb(II) to investigate
potential competition effects between the two main pollutants investi-
gated in the present manuscript. More in detail, 10 mg of pristine ZIF-67
was dispersed in 20 mL of an aqueous solution containing both GA, (100
mg/L) and Pb(II) (10 mg/L). At the beginning, before the addition of the
adsorbent, any potential interaction between the two pollutants was
evaluated by UV-vis spectroscopy (Fig. S17). As it is possible to observe,
no shift of the characteristic band of GA at 260 nm was observed,
demonstrating the absence of any interaction between the two species
present in solution. Subsequently, 10 mg of ZIF-67 was added to the
previous mixture, and the mixture was maintained at room temperature
under stirring for 30 min.

Then, the adsorbent was removed by filtration and the remaining
residues of both GA and Pb(II) were analysed by UV-vis spectroscopy
and atomic absorption spectroscopy, respectively.

The results, reported in Fig. 14 A, demonstrate that ZIF-67 simulta-
neously and effectively removed both the pollutants from the solution,
confirming the fast adsorption capability of the investigated material.

Then, the complexity of the water matrix was improved. A simulated
tap water matrix was prepared according to Annex B2 of the second
protocol of the French Norm NF P41-650 [51], acidified by a few drops
of nitric acid (0.4 M) until 5 pH value was achieved. Then, 2 mg of humic
acid (HA) were added in 20 mL of simulated tap water, followed by 2 mg
of GA (GA concentration in the final solution = 100 mg/L).

10 mg of ZIF-67 were added, and the mixture was maintained under
stirring. After 15 min, the adsorbent was removed by filtration and the
variation in concentration of GA was monitored by UV-vis spectroscopy.
The results (97% of GA removal) confirmed the very promising

adsorption properties of the investigated MOF. Finally, the complexity
of the water matrix was enhanced, by the addition of Pb(II) (10 mg/L).
Even under these conditions, ZIF-67 maintained its performance leading
to the complete removal of both the species (92% GA, 99% Pb(II)), as
shown in Fig. 14 B.

4. Conclusion

This work demonstrates the potential of ZIF-67 as an efficient and
multifunctional adsorbent for advanced water purification. The material
was successfully synthesised at room temperature and exhibited excel-
lent adsorption performance towards polyphenolic contaminants,
achieving up to 99% removal of gallic acid within minutes. Kinetic and
isotherm analyses indicated that the adsorption process follows a
pseudo-second-order model and is best described by the Freundlich
isotherm, suggesting multilayer adsorption on heterogeneous active
sites.A key novelty of this study lies in the development of a sequential
remediation strategy, in which ZIF-67 is first employed for the rapid
removal of polyphenols and subsequently reutilised for heavy-metal
removal after adsorption of gallic acid. The resulting material
(ZIF@GA) exhibited an exceptionally high adsorption capacity towards
Pb(II) (1020 mg/g) and moderate removal efficiencies for Cd(II) and Cr
(VI), demonstrating that the polyphenol-modified MOF surface can
effectively act as a metal-binding platform. This approach introduces a
circular-economy concept, transforming a spent adsorbent into a
secondary functional material and significantly reducing secondary
waste generation.

Another important innovation is the immobilisation of ZIF-67 onto
commercial filter paper, which enabled efficient continuous-flow
removal of gallic acid while maintaining high adsorption efficiency.
This simple and scalable strategy overcomes the common limitations
associated with powder MOFs, such as difficult recovery and handling,
and provides a practical route towards real-time water treatment.

Overall, the combination of rapid adsorption kinetics, sequential
pollutant removal, and simple material immobilisation highlights
the practical relevance of ZIF-67-based systems for sustainable water
remediation. The results demonstrate that this MOF platform can sup-
port fast, flow-compatible and circular water purification
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Fig. 14. Percentage of both GA and Pb(II) removal by ZIF-67 in deionized water (A) and simulated real water (B).
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strategies, offering a promising pathway towards scalable and resource-
efficient wastewater treatment technologies.
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