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A B S T R A C T

This article reports the room-temperature synthesis of ZIF-8 monoliths, systematically varying synthesis parameters while maintaining a constant metal:ligand ratio 
of 1:7.9. The washing procedure, aging time, centrifugal speed, precursor concentration, solvent type, ammonia concentration, and metal salt were changed to 
investigate their effect on the water stability of the resulting monolith. The synthesised monoliths were characterised by optical microscopy, powder X-ray diffraction 
(PXRD), thermogravimetric analysis (TGA) and N2 gas adsorption, while the precursor nanocrystallites were analysed by scanning electron microscopy (SEM). Water 
stability was evaluated by immersing monolithic pieces in Mili-Q water for 24 h, followed by UV-Vis spectroscopy to track linker release and inductive coupled 
plasma optical emission spectroscopy (ICP-OES) to quantify metal ion leaching. The use of Zn(CH3COO)2, along with the washing procedure, are the most important 
parameters for improving water stability and enhancing the phase purity, textural properties and transparency of the monolith. Other parameters contributing to 
these characteristics are centrifugal speeds exceeding 4200 rpm, concentrated synthesis, and partial replacement of methanol for aqueous ammonia. Based on this 
comprehensive analysis, a refined synthesis protocol was formed, yielding a more water-stable ZIF-8 monolith. However, despite its improved stability, the monolith 
was unable to adsorb rhodamine B from aqueous solutions as the dye's size far exceeds the pore window of ZIF-8, limiting adsorption to the external surface.

1. Introduction

Zeolitic imidazolate frameworks (ZIFs) represent new materials 
falling into the large group known as metal-organic frameworks (MOFs) 
[1,2]. Among the reported ZIFs, ZIF-8 is one of the most widely used due 
its simple synthesis coupled with its high thermal and chemical stability 
[3,4]. Additionally, its structural pore uniformity and high surface area 
makes ZIF-8 a promising candidate for a wide number of applications, 
such as gas adsorption, material storage, catalysis, supercapacitors and 
drug delivery [2,4–9].

Each application requires tailored material properties, which can be 
achieved by selecting the appropriate synthesis method and optimising 
its parameters. Therefore, various synthesis approaches have been used 
to synthesise ZIF-8, including solvothermal, sonochemical, and micro
fluidic synthesis [9–11]. Regardless of the synthesis method, key 

reaction parameters, such as solvent composition, temperature, metal: 
linker ratio, precursor concentration and pH, play a key role in con
trolling the properties of the final material [12]. Thus, various publi
cations in literature have reported the influence of synthesis parameters 
in the properties of ZIF-8. For example, Sanchez Cereceda et al. found 
that increasing the concentration of 2-methylimidazole linker (2mIm) 
led to larger particle sizes, while solvent and temperature play a critial 
role in determining porosity [13]. Zhang et al. determined that 8 was the 
optimum Zn2+:2mIm ratio to obtain the largest surface area [14]. Bus
tamante et al. reported an ultra-fast crystallisation (60 s) in alcoholic 
solvents, compared to other solvents, and when methanol was used, a 
larger particle size was obtained using lower amount of the solvent [15]. 
Finally, Sheng et al. considered that the water stability of ZIF-8 was 
improved by using zinc acetate as initial reagent instead of zinc nitrate 
or zinc chloride [16].
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Numerous approaches have been proposed to improve the water 
stability of ZIF-8 [17]. For example, Xia et al. used a post-synthetic 
functionalisation strategy using heptalfluorobutyric anhydride to pro
duce a fluorinated ZIF-8 with enhanced superhydrophobicity and acid 
resistance [18]. Nicola et al. incorporated Mg2+ during the synthesis to 
create a mixed-metal ZIF-8 analogue with up to 20% of the metal sites 
occupied by the alkaline earth metal, which demonstrated enhanced 
water stability under acidic conditions [19]. Finally, a water-stable 
Mn0.5Cd0.5S@ZIF-8 catalyst was synthesised via dual post-synthesis 
ligand and cation exchange treatments and demonstrating promising 
performance for hydrogen production [20].

Despite the remarkable progress made to improve the water stability 
of ZIF-8, most research has focused on micro-/nano-sized ZIF-8 parti
cles, overlooking the synthesis of sol-gel-based monoliths [21–24]. 
These sol-gel-based monoliths are mm to cm size polycrystalline mate
rials 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-synthesis challenges of MOFs [21,
23,25]. ZIF-8 was the first MOF to be synthesised in monolithic form, 
reported more than a decade ago [21]. Since then a few studies have 
modified the synthesis procedure, for example by adding modulators to 
enhance hydrophobicity or by partially replacing the organic solvent 
with water [22,23]. However, the impact of key synthesis parameters on 
the properties of ZIF-8 monoliths, particularly their water stability, re
mains unexplored.

A common mistake in assessing the water stability of MOFs powders 
and monoliths is relying on analysing the material post-immersion using 
techniques like PXRD, FTIR, SEM and N2 gas adsorption [17,24,26,27]. 
These analytical techniques are not sufficiently sensitive to detect the 
dissolution of the MOF's external layer. Alternative techniques for 
accurately assessing MOFs stability in aqueous media include methods 
that quantify dissolution or degradation products, such liquid chroma
tography (LC), mass spectrometry (MS) and UV-Vis spectroscopy, 
among others [17,26].

Over the past two years, we have employed UV-Vis spectroscopy and 
inductively coupled plasma optical emission spectroscopy (ICP-OES) to 
investigate the limitations of ZIF-8 monoliths for dye adsorption in 
aqueous media. In our first publication, we demonstrated that dye 
adsorption is confined to the external surface of the adsorbent, which is 
considerably reduced in monoliths compared to their powder counter
parts [24]. Additionally, after the adsorption test, the outer layer of the 
monoliths peeled off upon drying, a degradation phenomenon not 
observed in powder forms. In a separate publication, we further report 
the influence of solution parameters on both dye adsorption and 

monolith degradation. We also proposed a mechanism in which dye 
adsorption is facilitated by degradation of the monolith, exposing new 
adsorption sites. After 6 h of contact time, desorption of the dye occurs 
as dissolved linkers and metal ions create a new phase that precipitates 
on the monolith surface. This newly formed layer displaces the adsorbed 
dye and, upon drying, peels off [28]. However, some questions remain 
unanswered: Given that the synthesis method influences the properties 
of the materials, and the synthesis procedure for ZIF-8 monoliths differs 
from that of powder forms, how do synthesis parameters affect the water 
stability of the monoliths? Furthermore, if the water stability of the 
monoliths is improved, how does this influence their dye adsorption 
performance?

In this study, we systematically varied several synthesis parameters 
from our previously reported procedure [24] to study their impact on 
water stability of the resulting ZIF-8 monoliths. Parameters that 
improved at least two of the desired properties – water stability, 
monolith size, N2 adsorption, or phase purity – were used to synthesise 
an optimised monolith. The water stability of this new monolith was 
tested in Mili-Q water. Finally, the water stability during rhodamine B 
(RhB) adsorption for four days was assessed for the improved monolith 
and compared with our previous findings.

2. Experimental section

2.1. Materials

Zinc nitrate hexahydrate (99%, Zn(NO3)2⋅6H2O), zinc chloride 
(98%, ZnCl2), zinc acetate dihydrate (99%, Zn(CH3COO)2⋅2H2O) 2- 
methylimidazole (98%, C4H6N2), methanol (99.9%, CH4O), aqueous 
ammonia (28-30%, NH4OH), ethanol (99.9%, C2H6O) and isopropanol 
(99.5%, C3H8O), were purchased from Sigma Aldrich and used without 
further purification.

2.2. Synthesis

The reference ZIF-8 monolith (ZIF-8mono) was synthesised at room 
temperature following the procedure reported in our previous work 
[24]: 10 mmol of zinc nitrate hexahydrate and 79 mmol of 2-methylimi
dazol were each dissolved in 200 mL of methanol separately. The two 
solutions were mixed and ultrasonicated during 15 min at room tem
perature. The resulting white mixture was aged for 1 h, then cen
trifugated at 4200 rpm for 30 min. The collected solid was air-dried 
overnight to yield monoliths of varying sizes.

The original protocol was then systematically adjusted while keeping 
the metal-linker ratio constant, in order to evaluate the effect of various 

Table 1 
Synthesis parameters for ZIF-8 monoliths.a

Name Washing Aging time (h) Centrifuge rotational speed (rpm) R-OH VR-OH (mL) VNH3(aq) (mL) Metal salt

ZIF-8mono No 1 4200 MeOH 400 0 Zn(NO3)2

ZIF-8mono-w Yes 1 4200 MeOH 400 0 Zn(NO3)2

ZIF-8mono-24 h No 24 4200 MeOH 400 0 Zn(NO3)2

ZIF-8mono-48 h No 48 4200 MeOH 400 0 Zn(NO3)2

ZIF-8mono-2000 rpm No 1 2000 MeOH 400 0 Zn(NO3)2

ZIF-8mono-11000 rpm No 1 11000 MeOH 400 0 Zn(NO3)2

ZIF-8mono-dil No 1 4200 MeOH 800 0 Zn(NO3)2

ZIF-8mono-conc No 1 4200 MeOH 200 0 Zn(NO3)2

ZIF-8mono-am20 No 1 4200 MeOH 380 20 Zn(NO3)2

ZIF-8mono-am80 No 1 4200 MeOH 400 80 Zn(NO3)2

ZIF-8mono-NO3 No 1 11000 MeOH 120 80 Zn(NO3)2

ZIF-8mono-Cl2 No 1 11000 MeOH 120 80 ZnCl2
ZIF-8mono-Ac No 1 11000 MeOH 120 80 ZnAc2

ZIF-8mono-EtOH No 1 4200 EtOH 400 0 Zn(NO3)2

ZIF-8mono-IPA No 1 4200 IPA 400 0 Zn(NO3)2

ZIF-8mono-Acwb Yes 1 11000 MeOH 120 80 ZnAc2

a The metal-linker ratio was maintained at 1:7.9 for all syntheses.
b Improved synthesis, discussed at the end of the results section.
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synthesis parameters. For example, to assess the influence of the 
remaining unreacted precursors, monolithic samples were prepared 
following the original recipe but washing the collected solid three times 
with methanol prior to air-drying. The detailed washing procedure is 
provided in supplementary information (ESI).

Seven parameters were varied: the washing procedure, aging time, 
centrifugal speed, precursor concentration, solvent type, ammonia 
concentration and metal salt. Table 1 shows a summary of the modified 
parameters to obtain all the monoliths of this work. The full detailed 
procedure is presented in ESI (section S.I.1).

Most syntheses were designed to modify only one parameter at a 
time. This was not feasible for experiments using ZnCl2 (ZIF-8mono-Cl2) 
and ZnAc2 (ZIF-8mono-Ac) as precursor materials, as multiple parameters 
had to be adjusted. To isolate the effect of the salt, the same modified 
recipe was applied using Zn(NO3)2 to form ZIF-8mono-NO3. The modified 
recipe will be referred to as ‘recipe 2’ throughout the text.

2.3. Characterisation

PXRD. X-ray diffraction (XRD) measurements were performed on a 
PXRD, KIBS Bruker D8 Discover XRD, using Cu Kα radiation 
(λ = 1.5406 Å). The tube operating mode was set at U = 40 kV and 
I = 40 mA. Two ranges of 2θ diffraction angles were used: 10◦ - 80◦ and 
5◦ - 40◦, both with a step size of 0.01◦ and an exposure time of 1 s.

FTIR. A Bruker Invenio-R spectrometer equipped with a diamond 
attenuated total reflection (ATR) accessory was used for the analysis. All 
spectra were collected at room temperature within the wavenumber 
range between 400 and 4000 cm− 1, with each spectrum representing the 
accumulation of 256 scans at a spectral resolution of 4 cm− 1.

SEM. Scanning electron microscopy images were acquired using a 
Zeiss FIB-SEM Crossbeam 550 operated at an accelerating voltage of 
5 kV and a beam current of 100 pA.

TGA. The thermogravimetric analysis was performed in a Perki
nElmer EGA 4000. Samples in alumina crucibles were heated from 30 to 
800 ◦C at a rate of 10 ◦C min− 1 rate. The experiments were conducted 
under nitrogen atmosphere (99.999%) with a constant flow rate of 
40 mL min− 1.

N2 adsorption-desorption measurements. The N2 isotherm and 
the pore textural properties (surface area and pore volume) of ZIF-8 
monoliths were determined using a Micromeritics TriStar II Plus in
strument. Prior to analysis, all samples were activated at 80◦C for 20 h 
using a Micromeritics SmartVacPrep instrument equipped with a hybrid 
turbo vacuum pump. BET surface areas were calculated using isotherm 
points between 0.0005 and 0.1 P/P0. The pore size distribution was 
determined by non-local density functional theory (NLDFT) using a 
Tarazona model on cylindrical pores.

2.4. Evaluation of water stability

Water stability experiments were carried out in triplicate at room 
temperature. For each monolith, 100 mg of the as-synthesised material 
was added to 50 mL of Mili-Q water and stirred for 24 h. Since monolith 
degradation releases 2mIm linkers, the process was monitored by UV- 
Vis spectroscopy by tracking the increase in the absorption band at 
205 nm. To that end, aliquots of approximately 250 μL were withdrawn 
from the flask hourly up to 9 h and at 24 h. The UV-Vis spectra were 
recorded in the 200 – 300 nm range using a Shimadzu UV-2600i with a 
medium scan rate (approx. 3 nm s− 1) and a step size of 0.5 nm. As an 
example, the UV-Vis spectra obtained during the first repetition using 
ZIF-8mono are shown in Fig. S1.

The percentage of degradation was estimated using UV-Vis spec
troscopy by determining the amount of 2mIm linkers dissolved in the 
water in which the monoliths were immersed. To determine the con
centration of linkers in water from the UV-Vis spectra, a calibration 
curve of 2mIm in water with concentrations ranging from 0.1 to 4 mM 
was obtained (Fig. S2). The estimated concentrations were subsequently 
used to calculate the percentage of degradation [24]: 

Degradation (%)=
C2mImVs

2⋅WZIF− 8MZIF− 8
100 =

nmIm

nZIF− 8
100 eq. 2 

where C2mIm is the molar concentration of 2mIm in water (mmol/L), Vs 
is the volume of the water (L), WZIF-8 is the monolith mass (mg), MZIF-8 is 
the molecular mass of ZIF-8 (mg/mmol), n is the number of moles of 
2mIm/ZIF-8.

Following the immersion of monoliths in water, the metal concen
tration in water was determined using Inductive Couple Plasma Optical 
Emission Spectroscopy (ICP-OES). A 2 mL sample solution was digested 
with 3 mL of inverse aqua regia (HCl:HNO3 = 1:3) in a microwave 
digestion system at 250◦C. After digestion, the solution was diluted to a 
final volume of 10 mL and subsequently analysed.

2.5. Adsorption experiments

RhB adsorption experiments followed the same procedure described 
in our previous work. A total of 100 mg of the prepared adsorbent was 
added to 50 mL of an RhB solution (10 mg L− 1). The solution with the 
adsorbent was stirred in the dark for 96 h. For the UV-Vis analysis, 
250 μL aliquots were withdrawn at defined time intervals: hourly from 1 
to 9 h, and at 24, 48, 72 and 96 h. The spectra were recorded in the 200- 
800 nm range using a medium scan rate (approx. 3 nm s− 1) and a step 
size of 0.5 nm. During the analysis, wavelengths of 205 and 554 nm were 
tracked for 2mIm and RhB, respectively.

Fig. 1. Optical images in reflection mode of all synthesised monoliths.
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Fig. 2. PXRD pattern of monoliths with modified synthesis compared to the simulated ZIF-8 pattern (blue) and the original synthesis (yellow) over the 2θ of 10 – 30◦. 
The red arrows highlight peaks corresponding to spurious phases. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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Fig. 3. FTIR spectra of monoliths with modified synthesis compared to spectra of the 2-methylimidazole (blue) and the original synthesis (yellow) in the 400- 
1500 cm− 1 range. The red arrows highlight band not corresponding to ZIF-8. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.)
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3. Results

The morphology, transparency and colour of monoliths was evalu
ated by optical microscopy in both reflection mode (Fig. 1) and trans
mission mode (Fig. S3). The original recipe yielded semi-transparent, 
irregular monoliths of mm-size. Monoliths of centimetre scale were 
synthesised using either a MeOH:Aqueous ammonia mixture (ZIF-8mono- 
Am20, ZIF-8mono-Am80, ZIF-8mono-NO3, ZIF-8mono-Cl2 and ZIF-8mono- 
Ac) or IPA (ZIF-8mono-IPA). Using IPA also produced monoliths that 
adopted the conical shape of the centrifuge tube and had a slightly 
granulated texture. At low centrifugal forces (2000 rpm), the resulting 
monoliths were fragile, wide, large, and flat.

The slight opacity of the monolith may arise from unreacted reagents 
or unwanted phases formed during the drying. This opacity is further 
accentuated in transmission-mode optical images (Fig. S3). Parameters 
that reduced monolith opacity include using the washing procedure 
(ZIF-8mono-w), diluted solutions (ZIF-8mono-dil) and IPA as solvent (ZIF- 
8mono-IPA). Partial reduction in monolith opacity occurred at both high 
(ZIF-8mono-11000 rpm) and low (ZIF-8mono-2000 rpm) centrifugal 
speeds, as well as when the solvent was replaced for EtOH (ZIF-8mono- 
EtOH). At low centrifugal speed, the obtained monoliths were mostly 
transparent with a white segregated phase at one corner. High centrif
ugal speeds or EtOH as solvent produced a mixture of transparent (Fig. 1
and S3) and slightly opaque pieces (Fig. S4). Finally, white monoliths 
were obtained using a MeOH:Aqueous ammonia mixture (ZIF-8mono- 
Am20, ZIF-8mono-Am80, ZIF-8mono-NO3, ZIF-8mono-Cl2 and ZIF-8mono- 
Ac) and high concentrations (ZIF-8mono-conc).

All samples were analysed by PXRD to determine the phase purity 
and crystallinity. The PXRD diffractograms of all ZIF-8 samples in the 10 
– 30◦ range is displayed in Fig. 2, whereas Fig. S5 presents the full 
pattern over 5 – 40◦ range. The full-range pattern demonstrates that 
most of the samples synthesised in the present work exhibit the char
acteristic peaks reported for ZIF-8, while the reduced range highlights 
the presence of a phase distinct from ZIF-8. The peaks belonging to the 
spurious phases are marked by red arrows in Fig. 2. The original syn
thesis shows the presence of the spurious phase. However, the intensity 
of the peaks is relatively weak compared with those from the ZIF-8 
phase. Synthesis parameters that eliminate the spurious phases include 
the washing procedure, a centrifugal speed of 11000 rpm, the addition 
of 80 mL of aqueous ammonia, and the use of zinc chloride and zinc 
acetate as initial reagents. Conversely, a centrifugal speed of 2000 rpm 
promotes the formation of the spurious phase.

To identify the spurious phase, the PXRD patterns of monoliths 
containing peaks not belonging to ZIF-8 were compared with the 
simulated pattern of ZIF-L (Fig. S6) [29]. The comparison demonstrates 
that ZIF-L is the dominant phase at low centrifugal speeds (2000 rpm), 
whereas it is a minor phase under other conditions. The only exception 
occurs with IPA as the solvent, where the spurious phase is not 

attributed to ZIF-L.
Fig. 3 presents the FTIR spectra of all monoliths in the 400 – 

1500 cm− 1 range, while the full spectra (4000 – 400 cm− 1) is shown in 
Fig. S7. Due to the complex nature of the framework, a complete 
assignment of the observed bands is difficult. However, Table 2 sum
marises the assignment of most bands, based on the computational study 
by Ahmad et al. [30] This study does not address the bands in the 650 – 
800 cm− 1 region. Therefore, the assignment of these bands was based on 
experimental studies [31–33]. Fig. 3 indicates that all samples are 
identical, displaying several bands that correspond to 2-mIm. The as
signments in Table 2 cover most of the intense bands observed in the 
FTIR spectra. The band around 1584 cm− 1 (Fig. S7) has been associated 
with defects, particularly dangling linkers resulting from missing metal 
ions. Other low-intensity bands, indicated by red arrows in Fig. 3, have 
been attributed to other defects or impurities within the monoliths. 
Synthesis parameters that reduced the bands indicated by the red arrows 
include the washing procedure, a centrifugation at 11000 rpm, and the 
use of zinc acetate as initial reagent. Contrarily, the intensity of these 
bands increased when a centrifugation speed of 2000 rpm was used, as 
well as under diluted synthesis conditions or when IPA was used as 
synthesis solvent.

TGA up to 800◦C was performed to assess the thermal stability of 
prepared monoliths (Fig. 4). Most of the monoliths exhibit two sharp 
weight losses: the first at approximately 250◦C, attributed to residual 
material trapped within the pores, and the second at around 600◦C, 
corresponding to the thermal degradation of the sample [21,24]. An 
additional weight loss observed since the beginning of the measurement 
is attributed to the evaporation of loosely attached solvent/moisture 
[34]. This behaviour was noted in the following samples: 
ZIF-8mono-48 h, ZIF-8mono-conc, ZIF-8mono-am80, ZIF-8mono-NO3, ZIF-8
mono-Cl2 and ZIF-8mono-IPA. In contrast, ZIF-8mono-Ac shows only one 
sharp weight loss around 600◦C, with the trapped residual material 
being gradually released between 30◦C and 600◦C. The use of the 
washing procedure and a centrifugal speed of 11000 rpm noticeably 
reduces the weight loss from trapped residual reagents within the pores.

The porosity of the prepared samples was analysed using N2 
adsorption at 77 K. Table 3 summarises the main results of this analysis, 
while Fig. 5 and Fig. S8 illustrates the N2 adsorption isotherm in semi- 
logarithmic and linear scales, respectively. Most samples, excluding 
ZIF-8mono-2000 rpm, demonstrate the typical ZIF-8 structural flexibility 
and step-wise N2 adsorption [35–38]. The step in the isotherms is due to 
the reorientation of imidazolate linkers, as demonstrated by 
Fairen-Jimenez et al. [35,39] This behaviour suggests that the samples 
were indeed microporous (porosity diameter < 2 nm). Both ZIF-8mo

no-am80 and ZIF-8mono-Cl2 show a sharp rise in N2 adsorption close to 
the saturation pressure. This increase is attributed to N2 condensation 
within larger pores present in the sample, suggesting the presence of 
mesopores [21]. The pore size distribution for the synthesised samples 
(Figs. S9–S23), determined by non-local density functional theory 
(NLDFT), confirms that ZIF-8mono-am80 and ZIF-8mono-Cl2 contain both 
micropores (10.2-16.7 Å) and mesopores (274.4-448.8 Å), whereas the 
remaining samples exhibit only micropores (10.2-11.7 Å).

The N2 sorption data demonstrate that the synthesis parameters in
fluence the adsorption properties of the monoliths. The washing pro
cedure led to a substantial increase in the BET surface area to 
1404 m2 g− 1 and the N2 adsorption capacity to 335 cm3 g− 1, compared 
to 860 m2 g− 1 and 204 cm3 g− 1 for the original ZIF-8mono. This 
enhancement stems from the removal of residues within the monolith's 
pores. Other parameters that improved the BET area and N2 adsorption 
capacity include centrifugation at 11000 rpm, diluted and concentrated 
synthesis, replacing 80 mL of methanol with aqueous ammonia, and 
using zinc chloride as the initial reagent. In contrast, an aging time of 
48 h, replacing 20 mL of methanol with aqueous ammonia, or 
substituting methanol with IPA greatly reduces the BET area and N2 
adsorption capacity compared to the original monolith.

As observed in N2 isotherms, the ZIF-8mono-2000 rpm sample 

Table 2 
Peak positions and assigned bands of synthesised monoliths.

Peak(s) cm− 1 Assigned band

3136 Stretching mode of C-Hring

1584 -CNH in-plane bending mode of dangling linker due to missing 
Zn2+ ions (defects)

1422 and 1456 C-Hmethyl bending
1310 Rocking mode of C-Hring

1180 Bending modes from C-Hring with respect to the ring and breathing 
of the ring

1146 Scissoring and rocking motions of C-Hring

994 Combination of C-Hmethyl bending and in-plane C-Hring rocking
420 Bending mode between the -CH3 group and the imidazolate ring
685, 693 and 

758a
Ring out-of-the-plane bendinga

a The assignation of these bands is based on experimental studies [31–33], 
whereas the remaining band assignments are based on the computational study 
by Ahmad et al. [30].
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exhibited no porosity. According to the PXRD, the monolith consisted 
primarily of ZIF-L, whose powder form has much lower BET surface area 
(67 m2 g− 1) than powder ZIF-8 (1300-1600 m2 g− 1) [40,41]. The even 
lower BET area of ZIF-8mono-2000 rpm (11 m2 g− 1) is attributed to 
trapped residual reagents within the pores.

The SEM images of the as-synthesised monoliths offer limited in
sights, as they typically show flat surfaces. To gain more information 
from the experiment, SEM images of the precursor particles/gel were 
collected. Fig. 6 and S24 reveal the morphology of the precursor 

particles/gel after aging time and before centrifugation. It is noteworthy 
mention that ZIF-8mono, ZIF-8mono-w, ZIF-8mono-2000 rpm and ZIF- 
8mono-11000 rpm are synthesised from the same precursor particles. The 
micrographs show that most of the monoliths are formed of irregular 
shaped nanoparticles > 100 nm, which merge to form a solid monolith. 
The aging time allows to obtain smaller nanoparticles, approx. 30 nm for 
24 h and approx. 40 nm for 48 h. While diluting the synthesis does not 
produce a significant change in the precursor nanoparticles, the increase 
in concentration leads to the formation of approx. 115 nm hollow 

Fig. 4. Thermogravimetric analysis of ZIF-8 monoliths synthesised at different parameters in N2 atmosphere.
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sphere-like particles. Except when zinc chloride was the initial reagent, 
adding aqueous ammonia promoted the accelerated blending of ZIF-8 
nanoparticles, leading to a rapid consolidation into a solid block dur
ing drying of the sample and impairing the visualisation of the precursor 
particles. The use of EtOH, IPA, or recipe 2 with zinc chloride as the 
initial reagent yielded ZIF-8 nanoparticles comparable in size and 
morphology to those synthesised using the original recipe.

3.1. Water stability test

Fig. 7 illustrates the UV-Vis calculated degradation of ZIF-8 mono
liths during 24hrs of immersion. Washing slightly improved the water 
stability of the monoliths. Both washed and unwashed samples show a 
steady increase in degradation as time progresses, with both 
approaching a plateau after 24 h, in agreement with prior observations 
during rhodamine B adsorption in aqueous solutions. While an overlap 
exists at early times, at longer times the separation is clearer. This is 
particularly evident at 24 h, where the unwashed material degrades 4% 
more than washed ZIF-8mono. Similar degradation behaviour was 
observed for ZIF-8mono-24 h, ZIF-8mono-48 h, ZIF-8mono-conc, and ZIF- 
8mono-EtOH, with monolith degradation varying slightly (1-3%) 
compared to the original ZIF-8mono. Notably, water stability was not 
improved by using centrifugal speed of 11000 rpm. In fact, several pa
rameters, such as a centrifugal speed of 2000 rpm, diluted synthesis, 
partial substitution of methanol for aqueous ammonia, the use of recipe 
two with zinc nitrate or zinc chloride as initial reagents, and the 
replacement of methanol for IPA, were found to reduce the water sta
bility. On the other hand, the use of recipe two with zinc acetate as 
initial reagent was the only condition that significantly reduced mono
lith degradation from the beginning of the experiment, lowering water 
degradation by 4% at 24 h after immersion.

The concentration of Zn2+ in water after the immersion of the 
monoliths was used to further evaluate the degradation of the mono
liths. Table 4 demonstrates that the washing procedure and reagent 
concentration are the two parameters that considerably reduce ion 
leaching. Monoliths prepared using the original recipe released almost 
twice as many ions as those made with adjusted regent concentration, 
and seven times as many as those subjected to the washing procedure. 
Notably, the monoliths prepared with recipe two and zinc acetate 
released as many Zn2+ ions as those made with zinc nitrate using the 
original recipe. The parameters that increased Zn2+ ion release, and thus 
monolith degradation, are low centrifuge speed (2000 rpm), the use of 
IPA as solvent, and recipe two with zinc nitrate as metal salt. These 
variations in synthesis parameters produced monoliths that released 
over twice the amount of Zn2+ ions compared to those prepared with the 
original recipe.

The Zn2+ ion concentration in the table does not fully represent the 
total release of ions for all samples. After monolith immersion, the water 
was filtered to remove all solids. However, precipitates formed in ZIF- 
8mono-2000 rpm, ZIF-8mono-dil, ZIF-8mono-am20, ZIF-8mono-am80, ZIF- 
8mono-Cl2 and ZIF-8mono-IPA after a few days. Interestingly, the precip
itate from ZIF-8mono-Cl2 forms a fine, mobile cluster or network that 
moves freely in the solution (see supporting video). A second filtration 
was performed to remove the precipitates before the ICP-OES analysis, 
which reduced the measured Zn2+ ion concentration in these solutions. 
Even after the filtering out of the precipitate, high Zn2+ ion concentra
tions were detected in water where ZIF-8mono-2000 rpm and ZIF-8mono- 
IPA were immersed, suggesting very poor stability of these materials. In 
the case of ZIF-8mono-am80 and ZIF-8mono-Cl2, most of the released Zn2+

ions likely precipitated and were filtered out, resulting in the very low 
values reported in the table.

PXRD patterns and FTIR spectra of the monoliths after immersion are 
compared with the as-synthesised monoliths in Fig. S25-S39 and S40- 
S54, respectively. The results suggest no significant changes in the 
chemical and structural stability of the monoliths. The PXRD patterns 
and the FTIR spectra show no appreciable variations in peak intensities, 
peak broadening, or emergence of new peaks. These observations indi
cate that PXRD and FTIR are unable to identify the degradation detected 
by UV-Vis spectroscopy and ICP-OES, in agreement with our previous 
observations and other literature reports [17,24,26,27].

3.2. Optimal synthesis conditions

The synthesis parameters that improved at least two of the desired 
properties (water stability, monolith size, N2 adsorption, or phase pu
rity) were selected as optimal for the preparation of the ZIF-8 monolith. 
These included the washing procedure, a centrifugal speed of 
11000 rpm, concentrated synthesis, partial replacement of methanol for 
aqueous ammonia and the use of recipe 2 with zinc acetate as the initial 
reagent. Note that recipe 2 already incorporated a centrifugal speed of 
11000 rpm, concentrated synthesis, and partial replacement of meth
anol for aqueous ammonia, requiring only the addition of the washing 
procedure to achieve the improved synthesis. Therefore, a new monolith 
(ZIF-8mono-Acw) was synthesised using zinc acetate, recipe 2 and the 
washing procedure with MeOH as washing solvent (see ESI).

The synthesised ZIF-8mono-Acw was characterised by optical micro
scopy, PXRD, FTIR, TGA and N2 adsorption. The optical images (Fig. 8a 
and Fig. S55) show that washing removes the unreacted material 
responsible for the opacity of the original ZIF-8mono-Ac, resulting in 
transparent, cm-sized monoliths with visible cracking. The PXRD 
pattern (Fig. 8b and Fig. S26) and FTIR spectrum (Fig. 8c and Fig. S57) 
confirm the phase purity of the monolith, with no additional peaks 
observed in either. The TGA profile of ZIF-8mono-Acw (Fig. 8d) exhibits 
an initial weight loss below 200◦C, which is associated with the removal 
of weakly bonded methanol. A second weight loss, observed around 
600◦C, corresponds to the thermal decomposition of the framework, 
consistent with the behaviour observed for the other samples. Finally, 
the N2 adsorption analysis (Fig. 8e and Figs. S58–S59, and Table 5) 
demonstrates that, despite exhibiting a pore size distribution similar to 
that of ZIF-8mono-Ac, ZIF-8mono-Acw displayed a higher BET surface 
area, larger total pore volume, and greater N2 adsorption capacity than 
both ZIF-8mono and ZIF-8mono-Ac.

The enhanced water stability of ZIF-8mono-Acw was assessed in using 
PXRD, FTIR, UV-Vis spectroscopy and ICP-OES. PXRD and FTIR shows 
no difference between the post-immersion and the as-synthesised 
monolith (Figs. S60–S61). The UV-Vis-calculated degradation (Fig. 9) 
demonstrated a remarkable improvement in the water stability for ZIF- 
8mono-Acw since the start of the experiment. After 24 h, ZIF-8mono-Acw 
exhibited 2.5 and 6.6 % lower degradation compared to ZIF-8mono-Ac 
and ZIF-8mono, respectively. Additionally, the concentration of Zn2+ ions 
that leached into the solution (Table 6) was reduced under half that of 
both ZIF-8mono-Ac and ZIF-8mono. These findings suggest that the water 

Table 3 
BET area (SBET), pore diameter obtained from NLDFT (DNLDFT) and total pore 
volume (Wtotal) of synthesised monoliths.

Material SBET DNLDFT Wtotal

m2 g− 1 Å cm3 g− 1

ZIF-8mono 860 11.7 0.311
ZIF-8mono -w 1404 10.9 0.513
ZIF-8mono − 24 h 965 10.9 0.360
ZIF-8mono − 48 h 634 11.7 0.230
ZIF-8mono − 2000 rpm 11 11.7 0.004
ZIF-8mono − 11000 rpm 1141 10.9 0.394
ZIF-8mono -dil 1188 10.9 0.447
ZIF-8mono -conc 1023 11.7 0.365
ZIF-8mono -Am20 660 10.9 0.246
ZIF-8mono -Am80 1184 10.2, 16.7, 448.8 0.751
ZIF-8mono -NO3 752 10.2 0.277
ZIF-8mono -Cl2 1334 10.2, 16.7, 274.4 0.586
ZIF-8mono -Ac 770 10.9 0.287
ZIF-8mono -EtOH 915 11.7 0.327
ZIF-8mono -IPA 586 10.2 0.225

J.J. Velazquez-Garcia et al.                                                                                                                                                                                                                   Microporous and Mesoporous Materials 415 (2026) 114368 

8 



Fig. 5. N2 adsorption isotherm at 77 K for synthesised monoliths.
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stability can be improved, though not entirely prevented.

3.3. RhB adsorption test

The water stability and RhB adsorption capacity of ZIF-8mono-Acw 
were evaluated in a 10 mg L− 1 RhB solution for four days. As in previous 
cases, PXRD and FTIR analysis of the monolith post-experiment do not 
show a change compared with the as-synthesised monolith 
(Figs. S62–S63). Fig. 10 shows the time-dependent RhB adsorption ca
pacity and UV-Vis-calculated degradation of ZIF-8mono-Acw. As in pre
vious studies, the adsorption was observed in the first hours after 
immersion, followed by a gradual desorption starting before than 24 h. 
The negative values observed in the graph are attributed to a small 
evaporation of the solvent. However, ZIF-8mono-Acw exhibited a lower 
RhB adsorption capacity (0.30 mg g− 1), only 36% of that reported for 
ZIF-8mono (0.84 mg g− 1) [24]. Notably, ZIF-8mono-Acw demonstrated 
less degradation, with a UV-Vis-calculated degradation of just 3 %, 
compared to 13 % for ZIF-8mono. Additionally, the ICP-OES analysis 
revealed that the Zn2+ ion concentration in solution with ZIF-8mono-Acw 
(0.502 mg L− 1) was only one-third that of ZIF-8mono (1.4 mg L− 1). 
Despite its superior stability, ZIF-8mono-Acw also exhibited the peeling 
effect during room-temperature drying, where the outermost layer de
taches from the monolith, though this effect was less pronounced than 

for ZIF-8mono (Fig. S64). These results highlight the critical influence of 
synthesis parameters on the properties of sol-gel monoliths, with direct 
implication for their applications.

4. Discussion

The use of different synthesis methods and conditions has led to 
inconsistent reports on the water stability of micro-/nano-sized ZIF-8 
particles [12]. For example, Park et al. demonstrated water stable 
ZIF-8 via hydrothermal synthesis (DMF, 140 ◦C, 24 h), with stability in 
boiling water for up to 7 days, whereas Liu et al. showed that ZIF-8 
undergoes hydrolysis under hydrothermal conditions, regardless of 
particle size (nano- or micro-crystals) or synthesis origin (e.g. 
water-based) [4,42]. Additionally, Sheng et al. found that using zinc 
acetate as the precursor material improved the water stability, yet Wang 
et al. observed the formation of a new phase during the water-stability 
tests for ZIF-8 synthesised from zinc acetate in basic NaHCO3 and 
Na2HPO4 solutions [16,43]. These conflicting results emphasise that the 
water-stability of ZIF-8 is highly dependent on synthesis methods and 
parameters, necessitating systematic studies to tailor its properties.

A similar inconsistency arises with the water stability of sol-gel- 
based ZIF-8 monoliths. Fairen-Jimenez et al. synthesised ZIF-8 mono
liths that remain stable in boiling water for 7 days and demonstrated 

Fig. 6. SEM images of precursor particles/gel of a) ZIF-8mono/ZIF-8mono-w/ZIF-8mono-2000 rpm/ZIF-8mono-11000 rpm, b) ZIF-8mono-24 h, c) ZIF-8mono-48 h, d) ZIF- 
8mono-dil, e) ZIF-8mono-conc, f) ZIF-8mono-am20, g) ZIF-8mono-am80, h) ZIF-8mono-NO3, i) ZIF-8mono-Cl2, j) ZIF-8mono-Ac, k) ZIF-8mono-EtOH, l) ZIF-8mono-IPA.

J.J. Velazquez-Garcia et al.                                                                                                                                                                                                                   Microporous and Mesoporous Materials 415 (2026) 114368 

10 



Fig. 7. Time-dependent UV-Vis-calculated degradation of monoliths upon immersion in Mili-Q water.
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their applicability for photocatalytic degradation of methylene blue 
when SnO2 nanoparticles are encapsulated [21,44]. In contrast, we have 
reported the instability of sol-gel-based ZIF-8 monoliths during the 
adsorption of RhB in water: while the monoliths initially exhibited slow 
RhB uptake, their degradation triggered a gradual desorption within 
24 h [24]. These discrepancies emerge from the differences in the syn
thesis procedure and the methodology used to assess the stability of 
ZIF-8 monoliths. Fairen-Jimenez et al. employed ethanol as the washing 
and reaction solvent, with centrifugal speeds exceeding 4000 rpm, 
whereas we used methanol as the reaction solvent, a centrifugal speed of 
4200 rpm, and omitted the washing step due to difficulties forming the 
monolith afterward. Furthermore, Fairen-Jimenez et al. relied on PXRD 
and BET to evaluate monolith stability after water test, methods that 
have shown to be ineffective for assessing water stability [24,26]. In 
contrast, our water stability test analysed post-experiment solutions 
using UV-Vis spectroscopy and ICP-OES. To further understand the 
discrepancy between reports, we conducted the systematic study of this 
work, clarifying the influence of synthesis parameters on the properties 
of the monoliths, with a focus on water stability, and using our synthesis 
procedure as starting point.

The washing procedure is one of the most critical synthesis param
eters affecting monolith properties. Unlike micro-/nano-sized particles, 
monolith synthesis continues after centrifugation, and residual materials 
post-centrifugation plays a pivotal role. Without washing, the unreacted 
reagents react with the formed ZIF-8 particles, favouring ZIF-L forma
tion, a phase detected in the PXRD patterns in various monoliths of this 
work. Additionally, the unreacted reagents opacified the monoliths and 
reduced both the BET surface area and water stability. While some re
searchers may find this obvious, some reports cite Tian et al. [45] or 
Connolley et al. [46] as demonstrating that slow evaporation of the 
remaining solvent in the presence of unreacted reagents promotes 
interaction between precursor nano-crystallites by allowing the reaction 
to continue [23,47,48]. Note that this requires a residual super
natant/washing solvent with a specific metal:linker:solvent ratio, which 
cannot be guaranteed. However, Tian et al. only proposed this idea 
without providing experimental evidence, and it was later repeated by 
Connolley et al. also as a suggestion. Therefore, we recommend re
searchers to treat this type of suggestion as an invitation for further 
exploration rather than as evidence.

Another key parameter affecting the water stability of sol-gel-based 
ZIF-8 monoliths is the choice of metal salt used as the initial reagent. 
Consistent with the findings of Sheng et al., Zn(CH3COO)2 significantly 
enhanced the water stability of the monolith [16]. It also prevents the 
formation of spurious phases, an issue observed with ZnCl2 or Zn(NO3)2, 

where the PDXRD patterns and/or FTIR spectra revealed peaks corre
sponding to phases other than ZIF-8. However, the lack of washing 
reduced the BET surface area and allowed Zn2+ leaching at levels 
comparable to those observed for monoliths prepared using the original 
recipe. Additionally, the rate of nucleation of Zn(CH3COO)2 greatly af
fects the reaction procedure. Zinc acetate exhibits the lowest nucleation 
rate among the three salts, following the trend: Zn(NO3)2≫ ZnCl2>Zn 
(CH3COO)2 [49,50]. While the high nucleation rate of Zn(NO3)2 pro
duces a large number of nanocrystallites that later form the monolith, 
the lower nucleation rate of Zn(CH3COO)2 and ZnCl2 results in few 
nuclei, which hinders monolith formation under the same synthesis 
conditions as Zn(NO3)2. To address this, recipe 2, employing Zn 
(CH3COO)2 or ZnCl2, uses higher concentrations of initial solutions and 
aqueous ammonia. This increases the pH level and the number of 
deprotonated ligands, promoting nucleus formation and enabling their 
linking into a monolith structure.

The centrifugal speed has minimal influence on micro-/nano-sized 
ZIF-8 particles but plays a crucial role in the synthesis and properties of 
ZIF-8 monoliths. More supernatant is retained in the collected solid 
when the centrifugal force is low (e.g., 2000 rpm). This includes left
overs of unreacted reagents that favour the synthesis of ZIF-L during the 
slow drying at room temperature. This ZIF-L monolith has poor water 
stability and no porosity. To minimise the formation of this unwanted 
phase and favour the more stable ZIF-8, centrifugal forces of at least 
4000 rpm are required. Better results are achieved at higher centrifugal 
forces (around 11000 rpm) since this reduces the amount of the retained 
supernatant. This, in turn, reduces the formation of spurious phases, as 
confirmed by the PXRD and the FTIR spectra of ZIF-8mono-1100 rpm. 
Even if the washing step is omitted, such strong centrifugal forces reduce 
the amount of unreacted reagents, favouring the formation of trans
parent monoliths with slightly higher BET surface areas. They do not, 
however, provide an improvement in the water stability of the monolith.

According to the IUPAC, aging is defined as the time dependent 
changes in the chemical or the physical structure and the properties of 
the gel [51]. It can involve syneresis, coarsening, ripening and phase 
transformations. In metal-organic gels, aging has been demonstrated to 
influence the structure and properties of the final material [52,53]. In 
this work, aging for 24 h homogenises and reduces the size of precursor 
nanocrystallites. However, extending the aging time to 48 increases the 
particle size likely due to the Ostwald ripening effect. Unfortunately, this 
change in particle size did not considerably improve the monolith's 
properties, such as size, purity, surface area or water stability, possibly 
due to the slight formation of the ZIF-L, which resulted from the omis
sion of the washing step.

Reactant concentration is a key parameter influencing the charac
teristics of ZIF-8 particles and monoliths. The results of this work are 
consistent with those reported by Lai et al., whereby the particle size 
increases when the amount of MeOH decreases [54]. This was seen in 
SEM images of precursor crystallites, where ZIF-8mono-conc displayed 
the biggest particle size. According to Lai et al., this is caused by 
decrease in the quantity of formed nuclei and a stimulation in the crystal 
growth at high reactant concentrations. Furthermore, the reactant 
concentration has an additional effect on the structure of the ZIF-8 
monoliths. Low concentrations caused the non-flowing gel, obtained 
after centrifugation, to retain more supernatant, which led to a greater 
shrinkage during the drying phase and the formation of thin monolithic 
pieces. On the other hand, higher reactant concentration produces 
thicker monoliths, possibly due to a higher density of the non-flowing 
gel. In both cases the BET surface area improved slightly. However, 
monoliths produced at low concentrations exhibited poor water stabil
ity, most likely as a result of the higher external surface area of the 
thinner structure.

The ZIF-8 monolith synthesis is extensively affected by the selection 
of reaction medium. Bustamante et al., and Kim et al., showed that the 
particle size of the primary crystallites increases with decrease of 
hydrogen bond donation/acceptance (HBD/HBA) power of the solvent 

Table 4 
Concentration of Zn2+ ions released in water after immer
sion of monoliths.

Material CZn (mg/L)

ZIF-8mono 0.499
ZIF-8mono-w 0.069
ZIF-8mono-24 h 0.367
ZIF-8mono-48 h 0.440
ZIF-8mono-2000 rpma 1.13
ZIF-8mono-11000 rpm 0.582
ZIF-8mono-dila 0.834
ZIF-8mono-conc 0.287
ZIF-8mono-am20a 0.614
ZIF-8mono-am80a 0.039
ZIF-8mono-NO3 1.28
ZIF-8mono-Cl2a < 0.06
ZIF-8mono-Ac 0.468
ZIF-8mono-EtOH 0.717
ZIF-8mono-IPAa 1.28

a The Zn2+ ion content was affected by precipitate for
mation after the water stability test; this precipitate was 
filtered out prior ICP-OES analysis.
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[15,55]. In our case, the HBD and HBA followed the trend: 
MeOH > EtOH > IPA. Therefore, the larger particle size was expected for 
IPA. However, the SEM images demonstrated no significant change in 
particle size with variation in the reaction solvent. The difference may 
come from differences in the synthesis procedure. Although the same 
molar metal:linker:solvent ratio was used, Bustamante et al., and Kim 
et al. stirred the mixture for 1 h, while we sonicated for 15 min and aged 
the mixture for 1 h. Since sonication reduces the particle size due to an 
increase in the number of nucleation sites [10,56], our synthesis 

procedure forms primary nanocrystallites of similar size regardless of 
the reaction solvent. However, the main difference between solvents is 
observed during the drying step. Since the material was not washed, the 
drying time varied according to the type of reaction solvent. The drying 
time for each solvent was overnight, two days and three days for MeOH, 
EtOH and IPA, respectively (see ESI). As suggested for the FTIR spectra, 
a slightly higher amount of spurious phases may have formed with 
ethanol than with methanol due to the slower evaporation of ethanol. 
These spurious phases led to lower BET surface area as well as thermal 
and water stability. For IPA, the solvent led to bigger monoliths and less 
spurious phases, as demonstrated by the optical images, the PXRD 
pattern and the FTIR spectra. Although this solvent requires more time 
to evaporate, it has been observed that the formation of the unwanted 
ZIF-L is less favourable in this solvent [57]. However, the formed 
monolith has poor water stability properties.

An interesting effect was observed when methanol was partially 
replaced with aqueous ammonia. This substitution resulted in the for
mation of remarkably larger monoliths, indicating that the leftover 
aqueous ammonia within the non-flowing gel affected the syneresis 
process during the drying step. This is supported by the SEM images, 

Fig. 8. Characterisation of ZIF-8mono-Acw and its comparison with ZIF-8mono and ZIF-8mono-Ac: a) Optical image of ZIF-8mono-Acw, b) PXRD patterns, c) FTIR spectra, 
d) TGA profiles and e) N2 adsorption-desorption isotherm.

Table 5 
BET area (SBET), pore diameter obtained from NLDFT (DNLDFT) and total pore 
volume (Wtotal) of ZIF-8mono, ZIF-8mono-Ac and ZIF-8mono-Acw.

Material SBET DNLDFT Wtotal

m2 g− 1 Å cm3 g− 1

ZIF-8mono 860 11.7 0.311
ZIF-8mono -Ac 770 10.9 0.287
ZIF-8mono -Acw 1553 10.9 0.565
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which suggest that the replacement accelerated the linking between 
particles during drying. Additionally, the higher pH level also increased 
deprotonation of the 2mIm linkers, leading to a larger quantity of 
product compared to the original recipe. This likely reduces the amount 
of unreacted precursors retained in the non-flowing gel, resulting in 
higher BET surface area and a reduction in the spurious phases, partic
ularly when 80 mL of methanol were replaced for aqueous ammonia. 
However, when Zn(NO3)2 was used as metal salt, the addition of 
aqueous ammonia reduced the water stability of the resulting monolith. 
The origin of this effect remains unclear, and further research is needed 
to explore it.

A ZIF-8 monolith with enhanced water stability was obtained when 
recipe 2, Zn(CH3COO)2 and the washing procedure were used. The 

materials also demonstrated good thermal stability, high BET surface 
area, and phase purity. Although the monoliths tend to be large, they 
show several cracks which makes them fragile in some cases. This is 
attributed to the use of MeOH as washing solvent instead of the reaction 
mixture MeOH-aqueous ammonia. While aqueous ammonia promotes 
the formation of bigger monoliths, the washing procedure replaces most 
of it with MeOH, altering the gel's shrinkage behaviour during densifi
cation. This emphasises the importance of the washing solvent.

Despite the enhanced water stability of the later monolith, its RhB 
adsorption remained poor. This was attributed to the difference in ad
sorbate's size relative to the adsorbent's pore dimension [24]. The size of 
the RhB molecule (13.1 × 5.5 × 1.8 Å) far exceeds the window size 
(3.4 Å) of ZIF-8 [58,59]. Therefore, the dye is adsorbed only on the 
external surface of the monolith, as stated in our previous work [24]. 
Additionally, the adsorption occurs as a result of the degradation pro
cess. As observed in the previous section, the adsorption only occurs 
when the degradation shows a linear trend with contact time. On the 
other hand, desorption is observed when the degradation curve begins to 
plateau, or slightly earlier. In a recent work, we attributed this behav
iour to adsorption happening only at metal sites where linkers that de
tached due to degradation, while desorption takes place when the 
concentration of the linkers and metal ions is high enough to form a 
precipitate that replaces the adsorbed RhB molecules from the mono
lith's external surface. As the monolith synthesised with the original 
recipe showed lower stability than the enhanced monolith (ZIF-8mo

no-Acw), this also exhibited higher RhB adsorption. Note that both 
monoliths' degradation curves begin to plateau at comparable times but 
with different linker concentrations. This suggests that the equilibrium 
conditions were altered as a result of the different characteristics of the 
enhanced monolith, most likely due to defects.

It is worth noting that this study has limitations that must be 
acknowledged. First, our study focuses only on seven parameters: 
washing procedure, aging time, centrifugal speed, precursor concen
tration, solvent type, ammonia concentration and metal salt. Other 
critical parameters were omitted, such as metal:linker ratio, reaction 
temperature, aging temperature, drying conditions, type of washing 
solvent, among others. We found the use of different washing solvents 
particularly appealing, since monoliths with distinct properties may be 
produced using the same synthesis procedure but varying the washing 
solvent. A second limitation is the omission of the washing step in most 
of the syntheses. Although this allowed us to demonstrate that, 
regardless of the conditions, the remaining reagents do not promote the 
linking between crystallites, and that the presence of unreacted pre
cursors and the formation of ZIF-L compromise the properties of the 
synthesised monoliths and complicate comparisons.

5. Conclusions

ZIF-8 continues to be employed in water purification applications, 
even for adsorbing molecules much larger than pore size. However ZIF-8 
is not stable in water, and its dye uptake is limited to the external surface 
area. Here, we demonstrate that even with an improved water stable 
version, ZIF-8 monoliths still degrade, albeit at a much slower rate. 
Additionally, we showed that dye uptake depends on degradation, that 
create new adsorption sites, consistent with our proposed mechanism 
reported elsewhere. This is not observed in powder forms, likely due to 
different defects, highlighting the need to further investigate the influ
ence of defects on the water stability, dye adsorption, and photocatalytic 
degradation of dyes in ZIF-8 monoliths.

More systematic studies are necessary to further improve the syn
thesis of ZIF-8 monoliths, since not all parameters were tested. Here, 
washing procedure, aging time, centrifugal speed, precursor concen
tration, solvent type, ammonia concentration and metal salt were sys
tematically varied to refine a previously reported synthesis protocol. The 
appropriate washing procedure is one of the most important parameters 
to enhance phase purity, transparency, BET surface area and water 

Fig. 9. UV-Vis-calculated degradation of ZIF-8mono, ZIF-8mono-Ac and ZIF- 
8mono-Acw upon immersion in Mili-Q water.

Table 6 
Concentration of Zn2+ ions released in water after 
immersion of ZIF-8mono, ZIF-8mono-Ac and ZIF-8mono- 
Acw.

Material CZn (mg/L)

ZIF-8mono 0.499
ZIF-8mono-Ac 0.468
ZIF-8mono-Acw 0.209

Fig. 10. RhB adsorption capacity and UV-Vis-calculated degradation of ZIF- 
8mono-Acw.
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stability. Another crucial parameter is the metal salt. The water stability 
mostly improved by using Zn(CH3COO)2 instead of Zn(NO3)2 as the 
initial precursor. However, the low nucleation rate of Zn(CH3COO)2 
required substantial adjustments to the synthesis protocol, including 
high reactant concentration, centrifugal speeds exceeding 4200 rpm, 
and partial substitution of methanol with aqueous ammonia (at least 
80 mL). Fortunately, our analysis demonstrated that the individual 
change of these parameters produced desirable effects on two or more of 
the desired properties of the monolith. Nevertheless, parameters such as 
the metal:linker ratio, reaction temperature, aging temperature, drying 
conditions and type of washing solvent must be analysed to further 
optimise the properties of ZIF-8 monoliths.

This work provides a systematic map of how synthesis parameters 
influence the textural properties, size, chemical composition, and most 
importantly the water stability of the ZIF-8 monoliths, allowing re
searchers to rationally tailor synthesis conditions to improve material 
performance. Researchers can use this work as a foundation to optimise 
other properties not investigated here, such as mechanical strength and 
malleability during drying, which is important for shaping and pro
cessing ZIF-8 monoliths. Additionally, we provide an optimised and 
reproducible synthesis protocol for a more water-stable ZIF-8 monolith 
that researchers can use for further experiments or as a base to improve 
the chemical stability of ZIF-8, instead of the previously reported 
protocols.

We also quantify, for the first time, how varying monolith synthesis 
parameters affect water stability. This was achieved by analysing the 
water post-immersion using a combination of UV-Vis spectroscopy and 
ICP-OES, rather than examining the monolith itself after immersion. 
This enables us to determine an approximately 7% reduction in degra
dation for the improved monolith after 24 h of immersion in water. This 
study supports the growing trend of analysing water post-immersion, 
since this provides more information than the traditional analysis.
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