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Size matters: limitations of the ZIF-8 monolith and its Ni-,
Co- and Cu-doped variants for the adsorption of rhodamine B

Despite its known instability in water, ZIF-8 is still used for water
purification, including the adsorption of molecules significantly
larger than its pore window. Here, we demonstrate that
monolithic ZIF-8 and its Ni-, Co- and Cu-doped variants fail
as adsorbents for rhodamine B - showing poor uptake (far
below micro/nanoparticle performance) while degrading in
water. The water instability causes desorption and
post-drying peeling of the monoliths. This confirms that
ZIF-8 monoliths are neither stable nor effective for adsorption
of large molecules. These results question the suitability of
ZIF-8 for water purification.
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Despite numerous publications reporting the instability of ZIF-8 in water, it is still used for water
purification, including the adsorption of molecules significantly larger than the pore window. This work
involves the synthesis, characterisation and application of ZIF-8 monoliths, including those doped with
Ni, Co and Cu at levels of 4%, 8% and 12%, for rhodamine B adsorption in water. Characterisation
techniques include optical microscopy, PXRD, FTIR, SEM-EDX, TGA-FTIR and N, adsorption. The results
reveal mm-cm sized monoliths with an identical crystalline structure and morphology, but different
properties depending on the doping metal and level. Except for 4% of Co-doped ZIF-8, doping generally
narrows the pore size distribution to micropores (maximum between 10.9 and 11.6 A), whereas the
undoped monolith shows a combination of micropores and mesopores (10.2-38 A). Doping with more
than 4% Co®" or Cu?* results in higher BET surface areas (up to 1180 and 1100 m? g, respectively)
compared to the undoped monolith (960 m? g~%). However, when immersed in a 10 mg L™ rhodamine
B solution, all monoliths exhibit both slower adsorption kinetics and reduced capacities (0.61 and

Received 23rd July 2025, 1.82 mg g 1) compared to the reported nano-/microsized particles. Desorption of rhodamine B

Accepted 18th September 2025 occurred between 9 and 24 h, attributed to up to 20% degradation of the monolith. Immersion in Milli-

DOI: 10.1039/d5ma00797f Q water for five days led to a white residue on the surface, with FTIR indicating a new phase. These
results suggest that ZIF-8 and its variants are unsuitable for adsorbing large molecules in water but are

rsc.li/materials-advances suitable for small molecules like gases.

Introduction catalysis."™ They are composed of metal ions or clusters

connected with multitopic organic linkers.*® Among the var-
Metal-organic frameworks (MOFs) are porous materials that ious MOFs, zeolitic imidazolate framework-8 (ZIF-8) is one of
can exhibit very high surface areas and have potential for the most widely used MOFs due to its simple synthesis
applications such as gas storage and separation, as well as coupled with its high thermal stability and remarkable
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chemical resistance to boiling alkaline water and organic
solvents.>®

ZIF-8 features sodalite (SOD) topology and consists of Zn**
ions and 2-methylimidazolate (mIm) linkers in a 1:2 stoichio-
metry ratio. The framework possesses large cages (a diameter of
~11.6 A) interconnected via narrow 6-ring windows (~3.4 A).
Despite the small size of the windows, ZIF-8 can adsorb
molecules larger than the size of the window due to the
reorientation of the imidazolate linkers enforced by guest
adsorption, a phenomenon known as ‘gate-opening’.” *°

Another intriguing feature of ZIF-8 is its ability to form
monolithic structures. These monolithic MOFs are polycrystal-
line materials, ranging from millimetres to centimetres in size,
composed of densely packed primary nanocrystals. They are
particularly appealing for industrial applications since they
offer an interesting combination of simple preparation and
practicality, while also providing a solution to the post-syn-
thesis processing challenges of MOFs."'™** Notably, ZIF-8 was
the first MOF to be reported in a monolithic form, documented
a decade ago.'* Other monolithic MOFs have been reported
since then, such as HKUST-1,'"* Ui0-66,"> y-CD-MOF,'® Zr-
fumarate,'”” MIL-100(Fe), MTV-UiO-66-NH,'®* and ZIF-67,"
demonstrating the growing interest in this type of material.

ZIF-8 and its derivatives, whether in bulk, nanocrystal or mono-
lithic forms, have been utilised for wastewater treatment.?**" For
instance, Metha et al. employed a monolithic ZIF-8 structure
embedded with tin oxide nanoparticles to achieve photocatalytic
degradation of methylene blue (MB).>> Additionally, Yang et al.
successfully adsorbed the tetracycline antibiotic from an aqueous
solution using Fe-doped ZIF-8.>* In another study, M. Chin et al.
studied the adsorption and photocatalytic degradation of rhoda-
mine B (RhB) in ZIF-8 nanocrystals.**

Although these examples exhibit the utility of ZIF-8 and its
derivatives for wastewater treatment, it is important to acknow-
ledge its limitations. First of all, ZIF-8 is not as stable in water
as originally claimed.>® Secondly, Tran et al. demonstrated that
large molecules, such as methyl orange and RhB, are adsorbed
solely on the hydrophobic external surface of ZIF-8. In contrast,
a smaller molecule, such as the cationic MB, can penetrate the
micropores.*® This suggests that ZIF-8 monoliths would exhibit
lower adsorption capacities compared to nanocrystals, due to
the significantly reduced ratio of external surface area to
volume in monolithic structures. However, no studies have
been conducted to validate this claim.

In this work, we focus on the synthesis and characterisation
of monolithic ZIF-8 (ZIF-8™°"°) alongside Co-, Ni- and Cu-
doped variants (Co,ZIF-8M°"°, Ni,ZIF-8™°"° and Cu,ZIF-8™°"°).
Furthermore, we assess their applicability for the adsorption of
RhB and their stability in water.

Experimental

Materials

Zinc nitrate hexahydrate (99%, Zn(NO3),-6H,0), 2-methylimid-
azole (98%, C,HgN,), nickel nitrate (99%, Ni(NO,);-6H,0),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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copper nitrate hemi(pentahydrate) (98%, Cu(NO;),-2.5H,0)
and methanol (>99.9%) were purchased from Sigma-Aldrich.
Cobalt chloride hexahydrate (98%, CoCl,-6H,0) and rhoda-
mine B (98%, C,sHj3,CIN,0;) were purchased from Alfa Aesar
and Acros Organics, respectively.

Synthesis of ZIF-8 and doped ZIF-8

The synthesis of all samples was based on the procedure
reported by Tian et al. with slight modifications.’ In a typical
synthesis procedure, 20 mmol of Zn(NO3),-6H,0 was dissolved
in 400 mL of methanol, while 158 mmol of 2-methylimidazole
was also dissolved in 400 mL of methanol. The two solutions
were then mixed and ultrasonicated for 15 min at room
temperature. The resulting mixture was allowed to stand for
1 hour before undergoing centrifugation at 4200 rpm for
30 min. The resulting solid was then air-dried overnight,
yielding monolith pieces of varying sizes.

For the synthesis of 4%, 8% and 12% doped monoliths,
16, 32 and 48 mL of the Zn(NO;),-6H,0 solution were sub-
stituted with a 0.05 M doping solution containing either CoCl,-
6H,0, Ni(NO3),-6H,0 or Cu(NOj;),2.5H,0. The remaining
steps of the procedure followed the established protocol for
ZIF-8 monoliths. A separate document in the SI provides a
detailed synthesis procedure for Cogy,ZIF-8™°"° using 500 mL
stock solutions. Note that the typical three washing steps with
methanol/ethanol following centrifugation were omitted due to
difficulties in recovering the particles. It is hypothesised that
higher centrifugal forces, exceeding the current equipment
capabilities, are necessary to effectively recollect the particles,
once they have been re-dispersed by the washing solvent.

Characterisation of monoliths

PXRD. X-ray diffraction (XRD) measurements were performed
on a PXRD, KIBS Bruker D8 Discover XRD, using Cu Ko radiation
(7 =1.5406 A). The tube operating mode was set at U = 40 kv and
I=40 mA. The range of diffraction angles 26 varied from 5° to 80°
(0.01° step); the exposure per shooting point was 1 s.

FTIR. The spectra for all monolithic samples were recorded
at room temperature within the wavenumber range between
400 and 4000 cm ™. An Invenio-R spectrometer was used for the
analysis, with samples prepared as pressed KBr pellets.

SEM/EDX. Scanning electron microscopy images were
acquired and energy-dispersive X-ray analysis was performed
using a dual-beam Focused Ion Beam instrument - FIB, Scios,
Thermo Fischer Scientific with an accelerating voltage of 5 kv.>”

TGA-FTIR. Thermogravimetric analysis was performed using
a PerkinElmer EGA 4000. Samples were placed in alumina
crucibles and subjected to heating from 30 to 600 °C, maximum
temperature of the equipment using a rate of 10 °C min~". The
decomposition vapours were analysed by FTIR in the wavenum-
ber range of 400-4000 cm . Nitrogen gas with a purity of
99.999%, flowing at a rate of 40 mL min~ ', was employed as the
carrier gas.

N, gas adsorption. All monolithic samples were activated at
80 °C for 20 hours using a Micromeritics SmartVacPrep instru-
ment equipped with a hybrid turbo vacuum pump. Nitrogen

Mater. Adv,, 2025, 6, 7800-7811 | 7801
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adsorption-desorption isotherms were measured at 77 K on a
Micromeritics TriStar II Plus instrument. BET surface areas
were calculated using isotherm points between 0.0005 and
0.1 P/P,. The pore size distribution was determined by non-
local density functional theory (NLDFT) using a Tarazona
model on cylindrical pores.

Adsorption of RhB

Adsorption experiments were carried out at room temperature.
For each experiment, 100 mg of the prepared adsorbent
was added to 50 mL of RhB solution with a concentration of
10 mg L. The solution with the adsorbent was stirred for up
to 96 h in the dark. To measure the UV-vis spectrum during the
experiment, aliquots of approximately 250 pL were withdrawn
from the flask at the following intervals: 30 min, 1, 2, 3, 4, 5, 6,
9, 24, 48, 72 and 96 h.

Due to an equipment upgrade, two spectrometers were used
to collect the spectra: (1) Varian Cary-5E UV-vis-NIR spectro-
meter and (2) Shimadzu UV-2600i. Most of the spectra were
recorded using the former, while the latter was used to measure
10% of the samples. Measurements on the Varian Cary-5e
spectrometer were performed using a scan rate of 0.2 nm s "
and a step size of 0.5 nm. For the Shimadzu UV-2600i, a
medium scant rate (approx. 3 nm s ') and a step size of
0.5 nm were employed. Transitioning between the two devices
did not result in any notable spectral differences.

Adsorption kinetics and isotherms of RhB
The adsorption capacity (Q;) of RhB on the adsorbent was
estimated based on the equation:

Q,:M 1)

m
where V is the solution volume (L), m is the adsorbent mass (g),
and C, and C; are concentrations (mg L) at the beginning of
the experiment and at time ¢, respectively. Once the adsorption
capacity was calculated, the adsorption kinetics were explored
based on three models: pseudo-first-order, pseudo-second-
order and intraparticle diffusion.

The pseudo-first-order model is based on the Lagergren
equation, which is expressed as follows:*®

kit
2.303 2)

1Og(Qe - Qt) = log(Qe) -

where k, is the pseudo-first-order rate constant (min~'), and Q.
and Q, are the adsorption capacity (mg g~ ') at equilibrium and
at time ¢ (min), respectively.

In the case of the pseudo-second-order model, the following
expression was used:**

t 1 t

0, o2 o )

where £, is the pseudo-second-order rate constant (mg g~ ' min~")
and ¢, Q. and Q; are the same as the previous equation. The values
of k, can be obtained from a linear plot of ¢/Q, versus t.
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Further analysis employed the Weber and Morris intra-
particle diffusion model using the following equation:>***

Q.= kt'*+C (4)

where Q; is the adsorption capacity (mg g~ ') at time ¢ (min),
k; is the intraparticle diffusion coefficient and C is a constant
relevant to the boundary effect on molecular diffusion at the
liquid solid interface.

Stability test

Stability tests of ZIF-8™°"° and doped variants were conducted
by adding 500 mg of the monolith into 80 mL of water in a
beaker without stirring. The beaker was sealed and allowed to
stand at room temperature (~20 °C) for five days. After this
period, the monoliths were collected by decantation. Each
partially wet monolith was then placed on a slide and left to
dry under an optical microscope where images were captured.

Results
Optical microscopy, PXRD and FTIR analysis

mono

Fig. 1 shows optical images of ZIF-8 alongside its Co-, Ni-
and Cu-doped variants. The figure highlights the diversity of
sizes and shapes of the monolithic pieces, as well as the distinct
colours imparted by doping. The undoped ZIF-8 monolith is
colourless, whereas the doped samples display unique coloura-
tions: Ni,ZIF-8™°"® samples appear light purple, Co,ZIF-8™°"°
variants exhibit a blue-purple hue and Cu,ZIF-8™°"° samples
are dark red. Notably, the colouration becomes more intense as
the dopant concentration increases.

ZIF-gmoo
Ni g ZIF-gmone

N 3,ZIF-8mono

COpgyZIF-8M0m

»

Cugy ZIF-gmono

CugyZIF-8mon CUy o ZIF-8Mom0

gmono

Fig. 1 Optical images of ZIF- Ni,ZIF-8M°"°, Co,ZIF-8M°"° and

Cu,ZIF-8M°"° samples.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) PXRD patterns and (b) FTIR spectra of monolithic samples,
alongside the ZIF-8 simulated pattern and the 2-methylimidazole spec-
trum, respectively.

Fig. 2a exhibits the PXRD pattern of all monoliths. The
figure demonstrates that all samples have an identical crystal-
line structure, closely resembling the PXRD pattern of the
simulated ZIF-8. This indicates that doping ZIF-8 does not
induce significant structural changes. Although a slight peak
shift is observed for Ni-doped ZIF-8 monoliths, this change
corresponds only to 0.2° in 20.
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The FTIR spectra of 2-methylimidazole, ZIF-8™°"° and its
doped variants are shown in Fig. 2b, while the spectra of
ZIF-8™°"° with the value of the main peaks are presented in
Fig. S1. The complete assignment of the observed bands is
difficult due to the complex nature of the framework. However,
Table 1 presents the preliminary assignment of most of the
bands based on the study conducted by Ahmad et al.>* Fig. 2b
indicates that all samples are identical, displaying several
bands that correspond to 2-methylimidazole. It is important
to note that the presence of the band around 1583 cm™ " in
all samples suggests the existence of defects, in particular
dangling 2-methylimidazole linkers, due to the absence of
M>** ions.

Electron microscopy

mono and

Scanning electron miscroscopy (SEM) images of ZIF-8
its doped variants are shown in Fig. 3. The images demonstrate
that the monoliths are solid entities with flat surfaces, rather
than loose agglomeration of nanoparticles, which is consistent
with previous reports.'"'*?* The elemental analysis conducted
on the surface of prepared monoliths is presented in Table 2.
Interestingly, the amount of nickel detected on the surface
decreases as the doping amount increases. This reduction might
be caused by the formation of Ni-HmIm clusters that become
trapped deeper inside the monolith, providing the light-purple
colour observed, as reported by Li et al.>* Additionally, the amount
of copper detected on the surface is significantly lower than that
found in all monoliths doped with cobalt. However, the elemental
mapping (Fig. S2-S11) reveals traces of the corresponding doping
metals on the surface of each material.

Thermogravimetry analysis

Fig. 4 shows the TGA of all monolithic samples until 600 °C.
Sharp weight losses were observed at temperatures up to
280 °C: 15% for ZIF-8M°"° 10-23% for Niy,ZIF-8M°"°, 8-9%
for Coyy,ZIF-8™°"°) and 7-13% for Cu,,ZIF-8°"°. These losses
are attributed to residual materials trapped within the pores.
The largest weight loss that occurred in Nijyo,-ZIF-8M°"° is
attributed to the loss of methanol molecules from the synthesis
process, given that Ni-HmIm clusters strongly favour its
adsorption.** A second weight-loss step usually takes place at
around 600 °C, corresponding to the thermal degradation of
the sample."" However, this phenomenon was not observed in

Table 1 Peak positions and assigned bands of ZIF-8™°"° and doped variants

Peak(s) Assigned band

3617 O-H stretching vibration of the guest water

3134 Stretching mode of C-Hjng

2928 and 2964 C-Hpetnyl Symmetric and asymmetric stretches

2479 -NH stretching, elongated N-H bonds due to N-H- - -N hydrogen bonding (defects)
1583 -CNH in-plane bending mode of dangling linker due to missing M>* ions (defects)
1420 and 1458 C-Hpetnyl bending

1307 Rocking mode of C-Hying

1175 Bending modes from C-H,;,, with respect to the ring and breathing of the ring
1143 Scissoring and rocking motions of C-Hyjng

994 Combination of C-Hpemy bending and in-plane C-Hying rocking

420 Bending mode between the -CH; group and the imidazolate ring

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of ZIF-8™°"° and its Ni-, Co- and Cu-doped variants.

Table2 Compositional analysis of the as-synthesised monoliths obtained
by EDX

Element (% weight)

Material C N o Ni Co Cu Zn
ZIF-8™mone 43.89 39.05 2.18 — — — 14.88
Nigo,ZIF-8™°"° 44,45 33.85 3.85 0.15 — — 17.71
Nigo,ZIF-8M°"° 43.17 26.74 1.68 0.07 — — 28.35
Nijp0,ZIF-87°"° 44,09 28.69 2.19 0.00 — — 25.02
C040,ZIF-87°"° 4437 38.60 2.96 — 1.03 — 13.04
COgo, ZIF-8™°"° 44,87 34.81 2.64 — 213 — 15.55
CO0420,ZIF-8M°"° 44,59 29.85 1.45 — 448 — 19.63
Cuyo, ZIF-8™°"° 41,67 23.26 2.61 — — 0.59 31.86
Cugo,ZIF-8™°™ 4418 39.38 2.38 — — 0.37 13.68
CUyp0,ZIF-8M°"° 44,54 3558 3.16 — — 0.88 15.85
100 -
90 -
<
<
=
=
]
2
80 |
70 T T
0 200 400 600
Temperature (°C)
ZIF-gmono e Niyg-ZIF-8M" e Nigy, -ZIF-87010
——Niyo,-ZIF-8™" C0,4g,-ZIF-8™"° Cogy,-ZIF-8™"°
COyg0,-ZIF-8™ Cuyg,-ZIF-8™"° Cugy,-ZIF-8™"°
CUqp0,-ZIF-8™M0
Fig. 4 Thermogravimetric analysis of ZIF-8M°"° and its doped variants.
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the present study due to equipment limitations. Nonetheless, a
small shoulder was noted around 550 °C in all samples,
indicating the onset of thermal degradation.

The FTIR spectra of gaseous products released at various
temperatures during the TGA for all samples are presented as
contour plots in Fig. S12-S15, with the empty crucible included
as a reference. The presence of CO, peaks in the reference
around 2200-2400 cm ' suggests that the signals detected
within this range in all samples likely originate from environ-
mental CO,. However, new peaks emerge in all samples around
250 °C. Fig. S16 shows the FTIR spectra of all samples at 250 °C,
revealing similar peaks across all monoliths, although with
varying intensities. We attribute these peaks to the emission of
residual materials inside the pores, as they coincide with the
sharp weight loss observed in the TGA. Importantly, these
peaks were absent at the beginning (30 °C) and end (600 °C)
of the experiment, as further demonstrated in Fig. S17 for
ZIF-8™°m°,

N, adsorption analysis

The porosity of all samples was measured using N, adsorption
at 77 K. Table 3 summarises the main results of this analysis,
while Fig. 5 and Fig. S18 show the N, adsorption isotherms in
semi-logarithmic and linear scales, respectively. The isotherms
of all the samples exhibit the typical structural flexibility and
step-wise adsorption mechanism of N, found in ZIF-8.”%1%%°
The observed step in the isotherms for all samples can be
attributed to the reorientation of imidazolate linkers as demon-
strated by Fairen-Jimenez et al.”® The type H2 hysteresis loop
present in the isotherms of ZIF-8™°"° and Co,q,ZIF-8M°"°
indicates the existence of mesopores. The pore size distribution
for all monoliths, shown in Fig. S19-S22 and obtained by non-
local density functional theory (NLDFT), confirms that only ZIF-
8M°"° and Co,0,ZIF-8M°"° have a combination of micropores
(10.2 A and 15.6 A) and mesopores (19.9 A and 38 A). In
contrast, the other monoliths only contain micropores, ranging
from 10.9 A to 11.6 A. Therefore, the difference observed in the
isotherms of ZIF-8™°"° and Co04,ZIF-8™°"° compared to the
other monoliths can be attributed to the variations in pore size.
This also demonstrates that doping significantly impacts the
adsorption properties of the monolith.

Table 3 Gravimetric BET area (Sget), pore diameter obtained from NLDFT
(Dniorr) and total pore volume (Wioga)

S BET D NLDFT Wtotal
Material m?g? A cm?® g !
ZIF-gmene 963.58 10.2, 15.6, 19.9, 38 0.371
Niqo, ZIF-8™"° 995.27 10.9 0.361
Nigo, ZIF-8™1° 918.61 10.9 0.333
Nij g0, ZIF-87°0° 975.83 10.9 0.361
CO040,ZIF-8™M°P° 899.39 15.6, 19.9, 38 0.341
COgo, ZIF-8M0N° 1133.16 10.9 0.395
C04 59, ZIF-8™1° 1178.17 11.6 0.401
CUyo, ZIF-8™"° 1059.10 10.9 0.381
Cugy, ZIF-§™° 1099.57 10.9 0.403
CU 50, ZIF-8MO° 1041.91 10.9 0.384

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Volumetric N, adsorption isotherms at 77 K for ZIF-8™°"° and
Ni-, Co- and Cu-doped variants.

Further analysis of the N, sorption properties reveals the
influence of the type and amount of doping metal used. All Ni-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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doped monoliths and the 4% Co-doped monolith exhibit lower
N, adsorption capacities (ranging from 224 to 235 cm® g™ )
compared to ZIF-8™°"°, which has a capacity of 244 cm® g~ .
In contrast, the Cogo,ZIF-8M°"°, C0150,ZIF-87°"° and all Cu-
doped monoliths possess higher adsorption capacities
(between 256 and 263 cm® g~ ') than the undoped monolith.
As shown in Table 3, the gravimetric BET surface areas of the
Ni-doped monoliths (918-995 m?> g ') are similar to that for
ZIF-8™°"° (963 m* g~ ). For all Cu-doped monoliths, the gravi-
metric BET areas (ranging from 1041 to 1099 m”> g~ ') exceed
those of the undoped monolith. In the case of Co-doped
monoliths, the surface areas vary significantly depending on
the doping amount. While Co,,ZIF-8™°"° shows a lower gravi-
metric BET area (899 m” g~ ') than ZIF-8™°"°, Cogy,ZIF-8™°"°
and Co04,4,ZIF-8M°"°  exhibit higher values of 1133 and
1178 m* g~ !, respectively. It is worth noting that the gravimetric
BET areas and N, adsorption capacities presented in the
present work are slightly lower than those reported in the
literature.’>**19*% we attribute this discrepancy to residual
linkers remaining trapped inside the pores of the monoliths,
as they were not washed during the synthesis process.

Dye adsorption study

The dynamic adsorption of RhB on all monoliths is presented
in Fig. 6. Note that the error bars in all graphs are relatively
large; we attribute this to the difference in size of monolithic
samples used in all repetitions. The figure reveals that the type
and amount of dopant impact both adsorption capacity and
behaviour, with reversible adsorption observed in all samples.
When comparing the adsorption behaviour of all monoliths, it
was observed that the undoped ZIF-8™°"°) and the Cu- and Ni-
doped variants reach maximum adsorption between 6 h and 9 h
(Table 4), followed by slow desorption that takes around two
days. ZIF-8°", Ni o, ZIF-8™°"°, Nigo, ZIF-8™°"°, Cuiz0,ZIF-8M1°
and Cuy,,ZIF-8M°"° desorb over 85% of the adsorbed RhB,
while Nij,0,ZIF-8M°"° and Cugo,ZIF-8™°"° desorb under 85%.
Similarly, Co,ZIF-8™°"° samples also exhibit reversible adsorp-
tion, but their maximum is reached at 9 h for Co4,ZIF-8™°"°
and 24 h for the other two. Additionally, the influence of cobalt
doping on the desorption behavior is notable since higher
doping levels lead to a marked decrease in desorbed RhB, with
C0150,ZIF-8M°"° reaching only 6.8% desorption. Regarding
adsorption capacities, ZIF-8™°"° and its Ni- and Cu-variants
achieved values between 0.61 and 0.98 mg g~ *. For Co,ZIF-8™°™
samples, only Co,0,ZIF-8™°"° shows an adsorption capacity com-
parable with the undoped monolith, while Cogo,ZIF-8™°"° and
C0129,ZIF-8™°"° demonstrate significantly higher adsorption capa-
cities of 1.52 and 1.82 mg g ', respectively.

The adsorption mechanism and the potential rate-
controlling step were examined using three well-established
kinetics models: pseudo-first-order,*® pseudo-second-order*®—*
and intra-particle diffusion.** Since all samples exhibit desor-
ption after a certain period, the kinetic models were only
applied during the adsorption phase. The resulting fitting data
for these models are presented in Table 5, while the plots log(Q.
— Q) vs. t, t/Q,vs. t and Q, vs. 2 are provided in Fig. S23-526.
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Fig. 6 Adsorption of RhB in ZIF-8™M°"° and Co-, Ni-, Cu-doped variants.

0.0

Based on the correlation constant (R*), the pseudo-first-order
kinetic model is more suitable for describing the adsorption
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Table 4 Adsorption of RhB in ZIF-8™°"° and Co-, Ni- and Cu-doped
variants

tmax Qtmax Desorption

Sample h mgg " %

ZIF-8™mene 9 0.84 86.5
Ni o, ZIF-8™1° 6 0.84 70.3
Nigo, ZIF-8™°1° 9 0.87 89.5
Niy 0, ZIF-8™O7° 9 0.98 80.7
C0,0, ZIF-8M00° 9 0.78 63.0
COgo,, ZIF-8MON° 24 1.53 42.9
CO0420, ZIF-8™°M° 24 1.82 6.8

Cu o, ZIF-§™01° 6 0.79 95.4
Cugo, ZIF-8™M°1° 9 0.61 77.7

8%
CUy 0, ZIF-8M°1° 9 0.71 95.0

kinetics of RhB on most of the monoliths. However, exceptions
include Co,0,ZIF-8™°"° and Cuy,,ZIF-8™°"°, for which the
pseudo-second-order model fits better. The rate constant for
both kinetic models varies from 0.02 min~' to 0.009 min~"
for the pseudo-first-order model and between 0.001 and
0.006 min~ ' for the pseudo-second-order one. These values
are significantly lower than those found for nano-size particles,
which exhibit rate constants of k; = 0.1190-0.5631 min~* and
k, = 0.0685-0.5027 g mg ' min~'.>** The Weber and Morris
intraparticle diffusion model demonstrates that Cog4,ZIF-
8MM° | Cuye, ZIF-8™°"° and all Ni-doped variants have only one
linear region, while the others exhibit two linear regions, none
of them passing through the origin. This suggests that the
adsorption process of ZIF-8 monoliths involves various adsorp-
tion mechanisms.

The effect of the particle size was explored by grounding the
monolith and repeating the RhB adsorption experiment for 3 h.
The UV-Vis spectra of the solution before and after the experi-
ment are shown in Fig. S27. The figure demonstrates that RhB
adsorption is significantly improved by the small size of the
adsorbent, reaching an adsorption capacity of 3.42 (3) mg g™,
which is comparable with that reported in the literature for the
microcrystals (4.1 mg g~ ').%° This demonstrates that the size of
ZIF-8 plays a crucial role in the adsorption of RhB.

Stability of monoliths

The degradation of monoliths during the RhB adsorption test
can be analysed by examining the UV-vis spectra in the ultra-
violet region. Fig. S28 shows the UV-vis spectrum of the RhB
solution during the adsorption test using ZIF-8™°"°, which
reveals the emergence of a band around 205 nm. The intensity
of this band increases with contact time. To determine the
concentration of mIm in the solution, a calibration curve
ranging from 0.1 to 4 mM was established (see Fig. S29). Then,
the concentration was subsequently used to calculate the
percentage of degradation using the following equation:

. Cinim V;
Degradation (%) = W

= mIm o 100 5)
NzIF-8

x 100

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Kinetic constants and correlation coefficients
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Pseudo-first-order

Pseudo-second-order

Intraparticle diffusion

ks Qe ky Qe ki C
Sample min " mg g’ R? g mg ' min* mgg " R g mg~! min~*? mg g’ R
ZIF-8™one 0.009 0.973 0.916 0.001 1.705 0.466 0.064 —0.243 0.967
0.009 0.623 0.834
Nio, ZIF-§™O° 0.009 1.165 0.972 0.003 —0.652 0.210 0.061 —0.288 0.986
Nigo, ZIF-8™" 0.006 0.939 0.870 0.002 1.416 0.658 0.042 —0.060 0.926
Niy o, ZIF-8M07° 0.006 1.148 0.980 0.001 2.079 0.900 0.053 —0.194 0.983
0,0, ZIF-8™01° 0.008 0.826 0.825 0.004 1.192 0.891 0.040 —0.029 0.894
Cogy, ZIF-8™M°"° 0.003 1.529 0.993 0.001 1.996 0.981 0.066 —0.265 0.981
0.027 0.511 0.957
CO01 50, ZIF-§™1° 0.002 1.789 0.986 0.001 2.494 0.943 0.044 —0.061 0.994
0.048 0.018 0.983
Cu o, ZIF-8™0"° 0.009 0.970 0.958 0.001 1.721 0.837 0.051 —0.148 0.990
Cugo, ZIF-§™° 0.007 0.806 0.972 0.005 —0.351 0.162 0.036 —0.167 0.953
CUy 50, ZIF-8M°N° 0.008 0.916 0.783 0.006 0.971 0.972 0.052 —0.157 0.986
0.027 0.111 0.916

where Cy,,n is the molar concentration of mIm in solution
(mmol L), V; is the volume of the solution (L), Wyp.g is the
mass of ZIF-8M°"° or its doped variant (mg), Mz is the
molecular mass of the ZIF-8 or its doped variant (mg mmol )
and n is the number of moles of mIm/ZIF-8 or its doped variant
(mmol).

The degradation percentages of monoliths in relation to
contact time during the RhB adsorption experiments are pre-
sented in Fig. 7. From the figure, it is evident that all monoliths
experience rapid degradation within the first six hours in
solutions, after which the degradation rate slows down and
may plateau after approximately four days.

The extent of degradation of the adsorbent is clearly influ-
enced by both the type and level of doping. Doping ZIF-8™°"°
with 8% of copper decreases degradation compared to
the undoped monolith. In contrast, doping with 8% and 12%
cobalt increases degradation. It is worth noting that Coge,ZIF-
8™ and Co04,,ZIF-8™°"° not only show significant degrada-
tion in water but also possess a higher adsorption capacity and
lower desorption of RhB. The relation between these character-
istics will be discussed in the next section.

After four days of the adsorption experiment using
ZIF-8™°"°) the RhB solution was analysed using ICP-OES. The
results reveal a Zn>* concentration of 1.40 mg L', which is
equivalent to just 0.24% of the metal ions presented in the
added monolith. This value is significantly smaller than the
13% release suggested by the analysis of the UV-vis spectrum
in the adsorption region of mIm. The discrepancy between
the released mIm and the Zn** levels is quite intriguing
and suggests that additional studies are needed to clarify the
underlying mechanism.

Further evaluation of water stability was performed by
immersing the monoliths for five days in Milli-Q water without
stirring. Fig. S30 shows optical images of the monoliths after
the test. The images illustrate the degradation of the external
layer in all monoliths, resulting in the formation of a white
powder on their surface. This residue was easily detached from
the monolith by gentle shaking and then analysed by FTIR

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

spectroscopy. Fig. 8 compares the spectrum of the original
Cuyo,ZIF-8M°"° with that of the collected white residue.
The residue’s spectrum reveals four distinct peaks at 3406,
829, 514 and 478 cm ™, which are not observed in the original
monolith, indicating the formation of a new phase. It is
plausible that the newly formed phase includes mIm, since
the majority of the peaks in the new spectrum match with those
found in the original monolith, where most of the peaks are
assigned to linker vibrations. Notably, PXRD analysis per-
formed on the water-immersed monoliths, including their
white residue, revealed no new phases (Fig. S31). This suggests
that PXRD lacks the sensitivity required to assess the water
stability of ZIF-8 and its derivatives.

The white residue observed during the stability test does not
appear on the surface of monoliths after RhB adsorption.
Instead, these monoliths show a different behaviour: upon
drying under ambient conditions, their external layer slowly
peels off, as illustrated in Fig. 9 for both ZIF-8™°"° and
Cu,,ZIF-8™°"°, Notably, following this peeling process, the
remaining monolith retains a red colouration, indicating the
presence of adsorbed RhB.

The structural and compositional integrity of the monoliths,
after the water stability test and adsorption experiment, was
analysed using SEM-EDX. Fig. 10 displays SEM images of the
surface of Coy,0,ZIF-8™°"° after five days in Milli-Q water and
CUy 0, ZIF-8™°" following RhB adsorption for four days. The
corresponding elemental analysis and mapping are presented
in Table 6 and Fig. S32-S33, respectively. In both the water
stability test and adsorption experiment, the SEM images reveal
that the monoliths developed a rougher surface compared to
their pre-experiment state, suggesting surface damage. The
elemental analysis and mapping indicate a lower presence of
the metal atoms on the surface of Co,,¢,ZIF-8™°"° and a greater
quantity of metal ions exposed on the surface of Cuyye,ZIF-
8™M°"° These results suggest that during the adsorption of RhB,
the damage caused by the water on the surface is mostly
confined to the external layer, which subsequently peels off
upon drying.

Mater. Adv., 2025, 6, 7800-7811 | 7807
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Fig. 7 Time-dependent degradation of ZIF-8™°" and its doped variants
during RhB adsorption in aqueous solution.

The blocking of the monolith’s pore after the RhB adsorp-
tion experiment was tested using N, adsorption. Fig. S34 shows
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Fig. 8 FTIR spectra of the as-synthesised CuyyZIF-8™°"° and its white
residue obtained following the stability test. The blue arrows indicate the
appearance of new peaks.

Fig. 9 Optical images of the peeling process during the drying of ZIF-
8mono and Cu,%ZIF-8M°"° following the RhB adsorption test.

Fig. 10 SEM images of Co1,5,ZIF-8M°"° after five days in Milli-Q water and
Cuyp9ZIF-8M°"° after RhB adsorption.

Table 6 Compositional analysis of Coy,%ZIF-8M°"° following 5-day water
immersion and Cuy,%ZIF-8M°"° post 4-day RhB adsorption and drying

% Weight

Element CO440,ZIF-8™M°1° CUy 0, ZIF-8M1°
C 44.59 48.02

N 35.96 9.61

(0] 4.66 4.48

Co 3.27 —

Cu — 1.87

Zn 11.52 36.03

the isotherm and the pore size distribution of ZIF-8™°"° after

the RhB adsorption experiment. The figure demonstrates that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the monolith does not get blocked and it retains its adsorption
capabilities and pore size distribution after the RhB experi-
ments. This is not a surprise since most of RhB gets desorbed
after four days and most of the remaining RhB on the surface is
removed by the peeling effect, which also renews the surface of
the monolith.

Discussion

Since its publication in 2006, ZIF-8 has been regarded as one
of the most stable MOFs in aqueous environments which
has significantly promoted its use in water-purification
processes.®>°*® One notable application is the adsorption of
large dye molecules like RhB whose molecular size (13.1 X
5.5 x 1.8 A) far exceeds the window size (3.4 A) of ZIF-8.2%%7
However, most of the reports fail to discuss about its practical
limitations - including its ability to absorb large molecules
and its actual stability in water - in order to emphasise its
applicability and performance in water-purification processes.

Similarly, since the first sol-gel monolithic MOF was pub-
lished a decade ago, researchers have primarily focused on
leveraging its properties to demonstrate its applicability and
performance across various industries,’"'>22:3839 However,
the limitations of these materials have often been downplayed.
For instance, Mehta et al. have highlighted the successful
photodegradation of MB using a monolithic ZIF-8 structure
embedded with Sn0,.>” Although the degradation of the mono-
lith is reported, the stability was assessed solely through PXRD
and BET. The authors omitted UV-vis analysis of the post-
experiment solution in the UV region. Analysing the solution
is essential, because a constant increase in the concentration of
mIm would indicate monolith degradation. This degradation
would undermine the practical application of the monolith
since one pollutant would merely be substituted for another.
Therefore, it is essential to thoroughly evaluate the adsorption
capabilities of ZIF-8 monoliths in water. Consequently, here we
address two important limitations of sol-gel monolithic ZIF-8:
its capacity adsorption of large dyes and the stability of water.

The opening phrase of this article’s title - “Size Matters” —
refers to the critical role of the adsorbate’s size relative to the
adsorbent and its pore dimension. While previous studies on
RhB adsorption in ZIF-8 have focused exclusively on nano-
particles or micro-sized particles where the particle size greatly
influences dye adsorption,®****74%41 this work investigates
monolith pieces of varied sizes (from mm to cm) and shapes.
This larger format exhibits significantly different absorption
behaviour than their micro and nano-sized counterparts. This
discrepancy arises because large molecules, such as RhB, are
unable to access the small micropores of ZIF-8, restricting the
adsorption primarily to the external surface. Due to their
reduced external surface area, ZIF-8 monoliths present lower
adsorption capacities for RhB (0.61-1.82 mg g ') than their
nano- and micro-sized particles (4.1-25 mg g ').>® This also
explains the enhanced adsorption capacity of the grounded
monolith, as grinding increases the external surface area.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Additionally, the external surface area also affects the kinetics
since the monoliths present significantly slower adsorption
rates, requiring several hours to reach maximum capacity,
whereas smaller particles - including the grounded monolith -
achieve saturation in minutes or a couple of hours. This suggests
that ZIF-8 may not be the optimal choice for adsorbing large dyes,
such as RhB because monoliths, although easier to handle for
industrial applications, are hindered by lower adsorption rates
and capacities, while nano- and micro-sized ZIF-8 particles, which
show better performance, lack the practicability for large-scale
industrial applications.

The main limitation for the application of ZIF-8 in water
purification is its stability. Our stability study demonstrates that
water damages the external surface of the monoliths, either by
forming a white residue on the external surface or by deteriorating
the outer layer of the sample, which subsequently detaches upon
drying. We hypothesise that this surface damage affects the
adsorption of the dye due to a competitive interplay between dye
uptake and monolith degradation. Initially, water-induced damage
may expose additional adsorption sites for RhB. However, after six
to nine hours, the degradation of the monolith’s surface may
become significant enough to cause substantial desorption of RhB,
which lies mostly at the external surface. At this point, the
remaining RhB and ZIF-8 of the external surface, together with
water molecules, form a loosely bound external layer, which
eventually peels off upon drying. While this layer might mitigate
the degradation of the monoliths, it does not halt it entirely —
evidence by the UV-vis data showing a continued, albeit reduced,
increase of mIm concentration after 24 h of contact time.

The above-mentioned interplay between water-induced degra-
dation and dye uptake may also explain the enhanced adsorption
observed in Co-doped monoliths. Given that the water stability of
ZIF-8 diminishes with increasing Co-doping levels, as previously
reported,’>** monoliths with higher cobalt concentrations also
exhibit greater surface damage. This damage exposes addi-
tional adsorption sites for RhB, resulting in a dynamic equili-
brium where the rate of RhB adsorbed balances the desorption
caused by water-induced degradation.

It is important to recognise that the water stability test relies
on the analysis of post-experiment solutions using UV-Vis
spectroscopy. As previously pointed out by Taheri et al,
“UV-vis spectroscopy is the most sensitive method to identify
ZIF-8 degradation”.*’ Therefore, we strongly recommend that
researchers analyse the water in which the MOF is placed,
showing either the liberation or absence of the MOF ligand,
thereby validating the material’s water stability. Analysis meth-
ods such as FTIR, SEM and XRD of the MOF post-experiment
are insufficient to confirm water stability.

The doping of ZIF-8 with Ni**, Co®" and Cu®* ions significantly
alters the properties of the monoliths. The most notable changes
are observed in pore size and surface area. Doping monolithic
ZIF-8, in most cases, results in a narrower pore size distribution
with maximum size between 10.9 and 11.6 A, in contrast to the
wider distribution, including micropores and mesopores, observed
in the undoped material. Doping also increases the BET surface
area when Cu*" and Co®" are used as dopants.
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Water stability is another property affected by the doping of
the monoliths. The results of this work show that while
increasing cobalt content reduces the stability, copper doping
slightly improves it. Nevertheless, even with the enhanced
stability provided by Cu-doping, the degradation is not entirely
prevented. These results suggest that the ZIF-8 monolith and its
doped variants perform poorly in water separation processes,
but they show significant potential for applications in gas
storage and separation.

The ZIF-8 monolith and its doped derivatives, while unsuitable
for water purification, show potential as humidity sensors when
loaded with RhB. The loaded monoliths exhibit a clear colour
contrast between wet and dry (peeling off) states, enabling straight-
forward visual detection. This makes the RhB-loaded monoliths
particularly useful in environments where high humidity must be
maintained, as a sharp decrease in humidity can be easily identi-
fied through visual inspection.

It is worth nothing that this study has several limitations that
must be acknowledged. First, our analysis focused solely on the
monoliths synthesised using the recipe provided in the Experi-
mental section. However, the impact of unwashed reactants,
centrifugation speed and drying conditions on the water stability
and properties of the monoliths remains unexplored. Second, the
effects of pH, concentration, and size of the adsorbed dye have not
been explored in this work and will be addressed in a future
publication. Finally, the water stability mechanism requires
further investigation, particularly regarding the quantification of
the leaching metal ions. As such, the proposed mechanism should
be interpreted with caution until these aspects are clarified.

Conclusions

ZIF-8 has been extensively used for the adsorption of large
molecules in water. However, here we conclude that ZIF-8 is
neither a good adsorbent for large molecules nor stable in
water. Our attempts to adsorb RhB from 10 mg L™' aqueous
solutions using monolithic ZIF-8 and its Ni-, Co- and Cu-variants
yielded poor results. The maximum absorption capacities ranging
between 0.61 and 1.82 mg g~ " are significantly lower than those
found in the literature. The adsorption process is also notably
slow, taking several hours compared to minutes for nanoparticles
and a couple of hours for microsize particles. Desorption of RhB
was detected between 9 and 24 h due to monolith degradation.
Poor water stability was observed by analysing the RhB solution in
which the monoliths were immersed, detecting degradation up to
20%. Moreover, when immersed in pure water for five days, the
monoliths developed a white residue on the surface. FTIR analysis
of this residue indicates the formation of a new phase. Interest-
ingly, PXRD analysis of the monoliths post-immersion, including
their white residue, failed to detect this phase, demonstrating
the inefficacy of PXRD for evaluating the water stability of these
materials.

Doping the ZIF-8 monolith with Ni**, Co®>" and Cu®" does not
significantly enhance the adsorption of RhB, but it greatly alters
the monolith properties. High levels of Co*>" lead to poor water
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stability. Except for the 4% Co-doped variant, doping generally
narrows the pore size distribution to micropores, with a maximum
between 10.9 and 11.6 A. Contrarily, the undoped monolith has a
combination of micropores and mesopores ranging from 10.2 to
38 A. Doping with more than 4% of Co®" or Cu®" results in higher
BET surfaces areas (1178.17 and 1099.57 m”> g ', respectively)
compared to the undoped monolith (963.58 m* g~ ). Therefore, we
recommend the use of ZIF-8 and its doped variants for the
adsorption of small molecules, such as gases. Their application
in gas storage and separation would be significantly more suitable
than the application of adsorbing large molecules in water.
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