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A B S T R A C T   

A systematic study on the sonocrystallisation of ZIF-8 (zeolitic imidazolate framework-8) in a water-based system 
was investigated under different mixing speeds, ultrasound frequencies, calorimetric powers and sonication time. 
Regardless of the synthesis technique, pure crystals of ZIF-8 with high BET (Brunauer, Emmett and Teller) 
specific surface area (SSA) can be obtained in water after only 5 s. Furthermore, 5 s sonication produced even 
smaller crystals (~0.08 µm). The type of technique applied for producing the ZIF-8 crystals did not have any 
significant impact on crystallinity, purity and yield. Crystal morphology and size were affected by the use of 
ultrasound and mixing, obtaining nanoparticles with a more spherical shape than in silent condition (no ultra
sound and mixing). However, no specific trends were observed with varying frequency, calorimetric power and 
mixing speed. Ultrasound and mixing may have an effect on the nucleation step, causing the fast production of 
nucleation centres. Furthermore, the BET SSA increased with increasing mixing speed. With ultrasound, the BET 
SSA is between the values obtained under silent condition and with mixing. A competition between micromixing 
and shockwaves has been proposed when sonication is used for ZIF-8 production. The former increases the BET 
SSA, while the latter could be responsible for porosity damage, causing a decrease of the surface area.   

1. Introduction 

Metal-organic frameworks (MOFs) are a new class of hybrid, crys
talline material with exceptional porosity that makes them very inter
esting from both scientific and industrial perspectives [1]. MOFs are 
suitable for any application in which high porosity is required, such as 
adsorption, gas storage, catalysis, nanoreactors, chemical sensors, and 
for encapsulation of pharmaceutical ingredients [2–5]. To date, many 
different routes have been proposed for producing MOFs, trying to 
decrease the amount of energy required, reducing both synthesis time 
and temperature, together with attempts to make the entire process 
greener [6]. One promising route is sonochemical synthesis, which is the 
quickest and aligns with the principles of Green Chemistry [6]. 
Furthermore, it is well-known that sonication contributes to the 

formation of nanomaterials and nanostructured materials [7,8]. Many 
applications require nano-MOFs with narrow particle size distribution i. 
e. for producing thin nano-layers on membranes, for catalysis or for 
nanoreactors. Since 2008, when the first MOF was synthesised via 
sonochemical route [9], many studies have confirmed the benefits of 
ultrasound (US) [10]. However, reports are often contradictory and no 
general consensus has been found on the effects of US on MOF synthesis, 
thus limiting the development and exploitation of this new technique. 

In comparison to synthesis without US, the main effects of sono
chemical synthesis of MOFs are: a quicker reaction, decrease in crystal 
size [11–15] and morphology transformation [16,17]. However, no 
clear effects have been detected on the purity [13,18–20], while 
inconsistent results have been reported on effects on surface area and 
porosity [11,13,15,20–22]. These inconsistencies are certainly related 
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to the variation among different MOFs: different structures, different 
bonds and different synthetic routes. In addition, reports on sonosyn
thesis of MOFs in the literature are limited and different ultrasonic 
systems are used: horn or ultrasonic baths. It is difficult to directly 
compare results obtained from these two sonication approaches because 
of the differences in the cavitation activity [23–25]. 

In order to better understand the effects of sonication on the MOF 
synthesis, it is import to carry out a systematic study on a specific system 
using the same ultrasonic set-up. Zeolitic imidazolate framework-8 (ZIF- 
8) could be considered an ideal system to study because it is stable in 
water, which is an important feature considering the presence of water 
in many applications [26]. Furthermore, ZIF-8 is one of the most studied 
MOFs in the literature and many synthetic routes have been explored 
[27–38]. It has been demonstrated that ZIF-8 can be produced in N,N- 
dimethylformamide (DMF) [27], methanol [31,39,40], isopropyl 
alcohol [41] and water [33–35,42]. In particular, water is an interesting 
solvent because it is very common, economical and environmentally 
friendly. However, water-based synthesis of ZIF-8 usually requires a 
high excess of ligand to improve the deprotonation of the ligand [34]. 
When the ligand (2-methylimidazole) is dissolved in the solvent, 
deprotonation occurs producing the imidazolium anion (mim), which 
contributes directly to the formation of ZIF-8. However, the level of 
deprotonation, i.e. the amount of free mim is lower in water than in 
other organic solvents [35]. Attempts to improve the hydrothermal 
synthesis were reported [34,35,42–45], but sonication has not been 
systematically considered as a possible technique to apply to the water- 
based synthesis of ZIF-8. 

In this paper, a water-based synthesis of ZIF-8 has been studied 
following the procedure proposed by Pan et al. [33] involving a high 
excess of ligand (molar proportion metal:ligand as 1:70). Sonication has 
been applied using different frequencies and powers for different times. 
Experiments with different mixing speeds, and in silent as control study, 
have also been considered for comparison. The effects of different syn
thesis methods have been studied with respect to purity, yield, crystals 
size, morphology and BET specific surface area. Although for ZIF-8 the 
use of US was reported [14,15,46,47], the influence of frequency and 
power have not been explored. Understanding how these ultrasonic 
parameters affect the synthesis could clarify the inconsistencies in the 
literature. In addition, it is possible to find the optimum conditions for 
synthesising ZIF-8 in water. Another important parameter that will be 
considered is the influence of sonication time. For the antisolvent 
sonocrystallisation of sodium chloride, for example, it has been shown 
previously that it is not necessary to sonicate for the duration of the 
entire crystallisation period, but only for a short time at the beginning, 
likely favouring the nucleation [48]. Hence, this possibility was also 
explored for ZIF-8 synthesis. 

2. Materials and methods 

2.1. Synthesis of ZIF-8 at room temperature 

The procedure of Pan et al. [33] was used in this study as a reference. 
The metal solution consisted of 0.293 g of zinc nitrate hexahydrate (Zn 
(NO3)2⋅6H2O, 98%, Sigma Aldrich) dissolved in 2 g of de-ionised water, 
and the ligand solution consisted of 5.675 g of 2-methylimidazole 
(Hmim, 99%, Sigma Aldrich) dissolved in 20 g of de-ionised water 
(metal:ligand molar ratio 1:70). The metal solution was then poured into 
the ligand solution to react for a total time of 5 min at room temperature. 
After the end of the reaction, the final solution obtained was mixed with 
20 mL of chloroform (CHCl3, reagent grade, Fischer Scientific), causing 
flocculation of the crystals and allowed for its easy separation from the 
mother liquor. Chloroform was removed via a separatory funnel. The 
crystals were then recovered from the remaining solution by centrifu
gation (5000 rpm) with a Thermo Scientific Sorvall ST8 centrifuge. After 
this first separation, the crystals obtained were washed (20 mL of DI 
water each) and centrifuged again three times before being dried 

overnight at 80 ◦C. 
Silent condition was studied first at room temperature, in which the 

two solutions of metal and ligand were combined and left to react 
without agitation or sonication. For the mixing experiments the two 
solutions of metal and ligand were mixed together using a plate mixer 
with a magnetic stirrer 1 cm in length and 0.5 mm in diameter. Different 
stirring speeds were applied (298, 562 and 1172 rpm), and the relative 
rpm were measured using a tachometer. 

The set-up used for sonicated experiments is reported in Fig. 1. The 
wavefield was generated by an amplifier/generator (AG1006, T&C 
Conversion, USA), connected to a step-up transformer (SUT) for 
improving the impedance matching (Fig. 1a). The transducer (Honda 
Electric, Japan) of 6 cm diameter was mounted at the bottom of a 
Perspex box 12 cm × 12 cm × 15.4 cm (Fig. 1b). The Perspex box was 
filled with degassed de-ionised water up to ~ 6 cm to ensure that the vial 
was submerged in the water. Degassed de-ionised water was used to 
prevent the formation of bubbles that would otherwise attenuate the 
sound field and maximise the sound field inside the vial. The reactor 
used was a glass vial of 7 cm height and 2.5 cm diameter, and it was kept 
suspended in the bath using clamps, keeping a distance from the 
transducer to the bottom of the vial of ~ 0.5 cm. For the experiments 
with US, the frequency and the amplifier power setting were varied (98 
kHz, 300 kHz and 1 MHz, and 10, 20, 30 and 40 W, respectively). For all 
the various reaction conditions, different reaction/sonication times 
were studied, up to a maximum of 5 min, at constant room temperature 
(22 ± 2 ◦C). 

2.2. Sonication field characterisation 

The US field was measured using different techniques available in 
the literature. Calorimetry is the most common measure of the cavita
tion activity, but has its limitations due to the fact that it principally 
depends on the heat dissipation in the system, therefore dosimetry and 
sonochemiluminescence (SCL) intensity were also measured. 

2.2.1. Calorimetry 
Calorimetry was measured with the same set-up used for the exper

iments, using only DI water as liquid with the same mass as the solution 
used for the synthesis (27 g). Amplifier power settings between 0 and 40 
W have been measured. The calorimetric power (Pcal) has been calcu
lated using the following equation (1): 

Pcal = mCp
dT
dt

(1)  

where m is the mass of water, Cp is the specific heat capacity of the 
water, T is temperature and t is time. The results of the quantification are 
reported in Table S1 in Supporting Information. 

2.2.2. Chemical dosimetry 
Dosimetry was measured using a method already presented in the 

literature [49]. This quantification was conducted for the ZIF-8 system. 
A solution of 0.1 M of potassium iodide, (KI, >99%, Fisher Chemical) in 
de-ionised water was prepared first. After that, 27 mL of the solution was 
injected in the glass vial used as the reactor for the ZIF-8. The solution 
was sonicated for different times up to 15 min. Using a quartz cuvette of 
1 cm width, a sample of the solution was then analysed with the UV–Vis 
spectrophotometer (Thermo Scientific Evolution 201) at 353 nm for 
obtaining the concentration of triiodide (I3− ) in the system, with an 
extinction coefficient of 2640 m2/mol (or 26400 dm3 mol− 1 cm− 1). The 
triiodide formation was linear as a function of time, therefore for a given 
sonication frequency and power, the rate of the triiodide formation was 
determined from the slope. 

The results are reported in Fig. S1 as function of calorimetric power. 
In general, the rate of I3− formation increased with the calorimetric 
power, attributed to the rise in cavitation activity leading to higher HO 
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radical production that can react with the iodide ions [49]. Furthermore, 
the rate of I3− formation was higher for 300 kHz than for the other fre
quencies with similar values of calorimetric power, in agreement with 
previous results where the highest concentration of I3− was found for 
frequencies between 200 and 500 kHz [49]. 

2.2.3. Sonochemiluminescence (SCL) 
Sonochemiluminescence intensity was captured to demonstrate the 

presence and spatial distribution of cavitation in the system. SCL is light 
emissions caused by the free radicals produced through cavitation which 
can react with luminol to form hydroxylated luminol [50]. A stock so
lution consisting of 1 mM of luminol (5-amino-2,3-dihydro-1,4-phtha
lazinedione, Sigma Aldrich) and 0.1 M of sodium hydroxide (NaOH, 
Sigma Aldrich) was prepared and 26.6 g of this stock solution was 
injected in the vial. The vial was then placed inside the Perspex® box 
with degassed water with the same set-up used for the experiments for 
ZIF-8. The samples were pre-sonicated for 5 s and the SCL intensity was 
recorded for an exposure time of 1 s. Images were captured with an 
electron-multiplying charge-coupled device (EMCCD) camera (Andor 
iXon3). Both camera and vessel were enclosed in a dark box to avoid 
interference from external light. Observation and calculation of the total 
integrated light intensity was performed using the Andor Solis software. 
The images obtained and the graph of the total intensity as function of 
the calorimetric power are reported in the respective Fig. S2a and S2b 
for the three frequencies explored. It is evident from the pictures, 
coupled with the previous results about dosimetry (Fig. S1), that the 
cavitation activity for 98 kHz and 1 MHz is generally very low, espe
cially at the lowest power. Whereas 300 kHz showed an increase in the 
light intensity which increased with calorimetric power. 

2.3. Segregation index (Xs) 

The segregation index is an index of the micromixing level in the 
system [51,52]. It varies from 0 (perfect micromixing) to 1 (perfect 
segregation) and has also been applied for sonicated systems [53,54]. 
This index is based on the Villermaux-Dushman reaction, which consists 
of two parallel competing reactions for protons:  

H2BO3
− + H+ ↔ H3BO3 quasi-instantaneous neutralisation reaction         (2)  

5I− + IO3
− + 6H+ ↔ 3I2 + 3H2O very fast reaction                             (3) 

In addition, when there is excess of iodide (I− ), all iodine is trans
formed in triiodide (yellowish appearance), following the reaction:  

I− + I2 ↔ I3
− quasi instantaneous equilibrium                                       (4) 

The procedure requires the addition of small amounts of sulfuric acid 
in stoichiometric deficiency to the ions in the mixture of iodate (IO3

− ), 
iodide (I− ) and dihydrogenborate (H2BO3) (buffered solution, Table S2) 
to induce competition between reactions (2) and (3). If the system is in 
perfect micromixing conditions, reaction (2) is instantaneous, because 
there is a good dispersion of the acid. When all the H2BO3

− is consumed, 
reactions (3) and (4) then occurs for the formation of I3. Therefore, the 
measurement of I3− concentration gives an indication of the mixing state 
of the solution, that is lower concentration of I3− indicates the system is 
well mixed and has low segregation index. The segregation index, 
denoted as Xs is defined as: 

Xs =
Y

YST
=

2*Vreactor([I2 ]+[I−3 ])
Vinjection([H+])0

6([IO−
3 ])0

6([IO−
3 ])0

+([H2BO−
3 ])0

(5)  

where Y is the ratio of the amount of protons consumed by reaction (3) 
over the total amount of protons added to the buffered solutions, YST is 
the value of Y in the case of total segregation, Vreactoris the volume of the 
reactor, [I2] is the iodine concentration (assumed to be zero because all 
iodine is transformed in triiodide), [I−3 ] is the triiodide concentration, 
Vinjection is the volume of acid injected,[H+] is the acid concentration, and 
[IO−

3 ] and [H2BO−
3 ] are the initial concentrations of iodate ions (0.002M) 

and borate ions (0.091M) in the buffered solution, respectively. Further 
details can be found in the Supplementary Information. 

It is known that when US is applied, I3− is produced from the effects of 
cavitation [50], therefore US can interfere with the calculation of the Xs. 
Jordens et al. [55] reported the importance of correcting the Xs obtained 
in presence of US by subtracting the quantity of I3− produced by soni
cation, determined from dosimetry, from the total I3− measured. There
fore, the concentration of I3− used in equation (5) was corrected as 
follows:  

(I3
− )corrected = (I3

− )measured – (I3
− )sonolysis                                                (6) 

All the values of segregation index are reported in Fig. S3. Under 
mixing conditions (Fig. S3, left), Xs decreased with increasing mixing 
speed, this is because the micromixing was improved. With sonication 
(Fig. S3, right), the general trend was that Xs decreased with increasing 
calorimetric power. In addition, the lowest value of Xs was reached with 
the lowest frequency, 98 kHz, which was expected considering that 
bubbles collapse stronger at low frequencies and would therefore induce 
better mixing. This is in agreement with previous results obtained using 
plate transducers [54], where the values of Xs at 94 kHz were slightly 
larger than for 1135 kHz. 

Fig. 1. Set-up used for the sonicated experiments: (a) the amplifier with the SUT for matching the impedances, (b) the reactor for ZIF-8 (glass vial), inside a bath 
(Plexiglas® box) with the plate transducer mounted on the bottom of the box. 
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2.4. Material characterisation 

The morphology of crystals was analysed first by scanning electron 
microscope (SEM, Jeol 7100F). The samples were attached onto suitable 
stubs with araldite and gold coated (Emitech K575X Sputter Coater) for 
four cycles, 2 nm each. The SEM images were collected varying the 
acceleration between 10 and 30 kV. All particle size distribution (PSD) 
calculated on number basis were obtained analysing around 100 parti
cles. The Feret diameter was used for the size of the crystals. The average 
particle size has been calculated as follows: 

dave num =

∑
dj
(njdj)

∑
jnj

(7)  

where dj is the mean diameter of the j-th interval of diameters consid
ered, nj is the number of particles with diameters that falls within the j-th 
interval. 

For crystallinity, X-ray diffraction (XRD) patterns were collected 
using an X’Pert ProPANalytical, with Cu Kα radiation (wavelength of 
0.15406 nm, 40 mA, 45 kV) in a range of 2θ = 5 – 40◦. 

For purity, thermogravimetric analysis (TGA) was performed in a TA 
Instruments TGA Q-500 in air, between ambient temperature and 
700 ◦C. The temperature increase was 10 ◦C/min. 

With a high excess of ligand, the percentage yield was calculated 
based on the mass of MOF crystals obtained from the amount of metal 
used for the synthesis. 

The BET specific surface area (SSA) was measured through N2 
adsorption–desorption experiments with a Micromeritics 3Flex. The 
samples were degassed at 90 ◦C for 1 h (10 ◦C/min) and at 200 ◦C for 8 h 
(2 ◦C/min). The analyses were run at − 196 ◦C in liquid nitrogen. The 
calculation of the BET SSA was based on the guidelines for microporous 
materials presented in some studies [56–58]. These guidelines allow 
more reliable value of BET SSA to be obtained, even if they are not often 
used in the literature for MOFs. In general, the application of these 
criteria causes a general increase of the surface area calculated respect to 
the traditional BET method. 

3. Results 

For all the results obtained under sonication, calorimetric power, 
rate of I3− formation and SCL intensity were measured. However, none of 
these measurements exhibited any clear correlation with the results. 
Since the general trend is that increasing calorimetric power increases 
both the rate of I3− formation and SCL intensity, it has been chosen for 

simplicity to use the calorimetric power as reference. 

3.1. XRD 

The XRD patterns (Fig. 2) of all the samples crystallised under silent, 
mixing and sonication showed that pure ZIF-8 was always produced, 
regardless of the synthesis conditions. In Fig. 2 only some of the patterns 
collected are reported, together with the simulated pattern of sod-ZIF-8 
(sodalite topology). In general, no influence of time has been detected 
and no differences have been observed among silent, mixing and soni
cation. Furthermore, mixing speed did not have any impact, and when 
US was applied, neither frequency nor calorimetric power affected the 
crystallinity of the final product obtained. Although both dosimetry 
(Fig. S1) and SCL images (Fig. S2) have proved that cavitation activity 
was present in the system. All the XRD patterns are in agreement with 
previous results presented for ZIF-8 synthesised in water at high molar 
ratio metal:ligand (≥1:35) [33–35,37]. 

3.2. TGA 

TGA results did not reveal any influence of reaction/sonication 
times, nor impact of mixing speed, frequency and power on the purity 
(Fig. S4 in Supporting Information). In all the synthesis conditions 
considered, the sod-ZIF-8 produced exhibited high purity. This is clear 
from Fig. S4 that no loss of mass was detected until 400 ◦C when ZIF-8 
degradation starts. This means that no ‘guest’ molecules (impurities or 
solvent residuals) were present in the samples produced. Similar results 
have been obtained by Kida et al. [35] for a molar proportion metal: 
ligand of 1:60. 

3.3. Yield 

The results for the percentage yield calculated with respect to the 
metal (Fig. S5 in Supporting Information) showed similar observations 
to those already obtained for XRD and TGA, that is the yield was not 
affected by the reaction/sonication time, power, frequency and mixing 
speed. Silent, mixed or sonicated experiments do not present any sig
nificant differences, and the yield remains around 70–90% (Pan et al. 
[33] obtained ~ 80%), with large error bars. These large error bars are 
probably due to the recovery step, i.e. the centrifugation. MOFs in fact 
are usually very porous and consequently very light, therefore their 
separation would be difficult, especially when they are in the form of 
nanoparticles (see section 3.5). Very powerful centrifuges are needed 
(≥10000 rpm): in some cases ultracentrifuges are used for recovering 

Fig. 2. XRD patterns comparing silent and mixing conditions at room temperature for different times (left), and with US at varying frequencies and powers (right). 
The simulated pattern of sod-ZIF-8 is from the CIF file Refcode: VELVOY01, CCDC: 602542 [27], obtained with Diamond 3.2. 
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the highest quantity of product possible when it is nanometre sized. This 
means that the value of the yield does not only depend on the synthesis, 
but it is also strongly related to the method and efficiency of washing 
and centrifugation treatments. Therefore, when analysing the yield, it is 
important to also consider these issues. The conclusion is that the values 
of yield obtained are all similar and they do not present specific trends. 

3.4. Crystal morphology 

SEM images of the ZIF-8 crystallised under silent and mixed condi
tions, and under different sonication conditions are presented in Fig. 3 
and Fig. 4 respectively. Under silent conditions the crystals were more 
spherical at 5 s (Fig. 3i), while they have truncated faces and are larger 
at 300 s (Fig. 3ii). This observation on the morphology change as a 
function of time is in agreement with the report by Kida et al. [35]. On 
the other hand, if mixing was applied (Fig. 3iii - vi) the crystals obtained 
at 300 s were more spherical and much smaller compared to the silent 
condition obtained at 300 s. No significant differences were detected 
with increasing mixing speed from 298 to 1172 rpm. When US was 
applied (Fig. 4), the crystals generated were spherical and small, similar 
to those obtained with mixing. In addition, growth was detected be
tween 5 and 300 s. However, it is clear in Fig. 4 that the influence of both 
frequency and power was minor. 

3.5. Crystal size 

In Fig. 5 the average crystal size based on number as a function of 
time is presented for different mixing speeds (298, 562 and 1172 rpm) 
and sonication conditions (98 kHz, 0.06 W; 98 kHz, 0.55 W; 300 kHz, 
7.52 W; and 1 MHz, 2.78 W). The average crystal size obtained in silent 
conditions (~0.14 µm) is in line with the previous results presented by 
Jian et al. [37]: the crystal size was around 0.12 µm with a molar pro
portion metal:ligand:water equal to 1:70:1280 under no stirring condi
tions. The values obtained under mixing conditions were in line with the 
results of Pan et al. [33], who produced nanocrystals around 0.085 µm 
when stirring was applied during the reaction, but no indications on the 
mixing speed were available. 

Fig. 5 shows that, in all conditions studied, a plateau was reached 
after 30 s of synthesis and no further growth was observed after the 
initial step. In addition, the use of mixing or sonication decreased the 

crystal size (~0.11 µm) at the same extent with respect to the silent 
conditions (~0.14 µm), probably due to an enhancement of mass 
transfer in both conditions. However, the crystal size obtained after 5 s 
sonication was slightly smaller (~0.08 µm) than that produced with 5 s 
mixing (~0.095 µm), but the size after 300 s was the same with both 
techniques (~0.10 µm). 

Mixing speeds above 298 rpm had clearly no impact on the crystal 
size. In addition, no clear influence of frequency or calorimetric power 
was detected, as it is clear from Fig. 5 right and Fig. S6. Similar particle 
sizes were in fact obtained despite having used different frequencies and 
powers. The only exception could be 300 kHz, 7.52 W, which appeared 
to cause a stronger size reduction (~0.09 µm). This could be related to 
the stronger cavitation activity enhancing nucleation (see section 2.2). 
To further clarify this, the average crystal size obtained after 300 s is 
plotted as a function of calorimetric power for each frequency (Fig. 6). 
The large jump was between silent conditions (0 W) and the use of US, 
but no effect of frequency was observed. Furthermore, at calorimetric 
powers below 4 W there does not appear to be a correlation between 
calorimetric power and the crystal size, with the crystal sizes fluctuating 
around similar values. A small correlation was only observed for 300 
kHz at calorimetric powers higher than 4 W where the crystal size 
decreased slightly with increasing power. To confirm this trend, exper
iments at higher calorimetric powers are probably needed; however, the 
set-up used here was limited in terms of maximum power supplied by 
the amplifier, and maximum temperature of the bath to avoid damaging 
the transducers. Therefore, considering the results presented here it was 
not possible to conclude a clear dependence of the crystal size on the 
calorimetric power. It is important to underline that the experiments 
were run at high excess of ligand which could “hide” differences among 
the conditions studied. 

In Table 1 the standard deviations (in μm) calculated for each PSD at 
different synthesis conditions have been reported, indicating how the 
broadness changes at the different conditions and with time. Further
more, some of the PSDs are reported in Fig. 7, for silent, mixed and 
sonicated conditions. Under silent conditions, no significant variations 
in the standard deviations were detected with time. For all the other 
conditions, the standard deviation seemed to be smaller than the silent 
conditions (evident in the narrower PSD in Fig. 7) and increase slightly 
for longer times, especially between 5 and 30 s. There are no significant 
differences between mixing and sonication, and no significant trend was 

Fig. 3. SEM images of ZIF-8 crystals obtained at room temperature under silent and mixing conditions at 5 s and 300 s.  
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observed when changing mixing speed, frequency or calorimetric 
power. The only significant difference was essentially between silent 
and all the other conditions studied, both with mixing and sonication. 
These observations support the hypothesis of an increase in the mass 
transfer, decreasing the concentration differences in the reactor and the 
expected wall effect, i.e. homogenising the crystal size. 

3.6. BET specific surface area 

In all conditions studied, the isotherms were Type I, indicating that 
the materials were microporous [59,60], normally associated with ZIF-8 
crystals [27,33–35]. Some isotherms obtained are reported in Fig. S7 as 
examples. The BET specific surface area (SSA) values calculated from the 
BET equation are reported for mixed conditions in Fig. 8 left and for 
sonicated conditions in Fig. 8 right. No significant influence of time on 
the BET SSA or trends were detected in all the conditions investigated 
(Fig. S8), in agreement with previous studies with US, where sonication 
time did not affect the BET SSA [21,46]. Therefore, it was decided to 
focus on the possible effects of mixing and sonication parameters 
instead, and each single point in Fig. 8 represents the average BET SSA 
and the standard deviation calculated for the three times (5 s, 30 s and 
300 s). In general, the values of BET SSA obtained were larger than those 
presented in the literature for water-based systems [33–35,42]. This 
may be attributed to the different assumptions made for calculating the 
BET SSA on microporous materials [56–58]. 

Fig. 8 left shows that the BET SSA increased when mixing speed 
increased. On the other hand, when US was applied, for each frequency, 

a high calorimetric power caused a decrease in the BET surface area 
towards the value obtained in silent condition. Furthermore, the BET 
SSA of ZIF-8 synthesised with US was in general slightly higher than the 
value obtained in silent conditions, comparable to the values at 298 and 
562 rpm. Nevertheless, it is important to note that all the BET surface 
areas were very similar in case of sonication (between 1500 and 2000 
m2/g), especially considering the error bars calculated. 

Fig. 4. SEM images of ZIF-8 crystals obtained at room temperature under sonicated conditions for different frequencies and powers after 5 s and 300 s.  

Fig. 5. Average crystal size based on number fraction, comparing silent and 
mixing conditions (left), and with US comparing different frequencies and 
powers (right), at room temperature. The lines are drawn to guide the eye. In 
case of two repetitions, the single values of the two experiments are re
ported separately. 

Fig. 6. Average crystal size as function of calorimetric power for each fre
quency studied, considering 300 s synthesis. The lines are interpolations drawn 
to guide the eye. 
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It is evident that a direct comparison between mixing and sonication 
was not possible in Fig. 8, because the former depends on the mixing 
speed, while the latter depends on the cavitation activity, here repre
sented in terms of calorimetric power. To create a direct comparison, it 
is possible to report the data of BET SSA as function of segregation index 
(SI). This indicates the level of micromixing in the system, therefore 
being independent from the technique used for inducing the micro
mixing. In Fig. 9 the values of BET SSA are reported as a function of SI, 
estimated for each condition (except from silent). No direct correlation 
between BET SSA and SI was observed. Only in the case of mixing, the 
highest BET specific surface area corresponds to the lowest value of SI, 

where the error bars calculated are also smaller. In case of sonication 
instead, the BET SSA does not depend on the SI, staying flat between 
1500 and 2000 m2/g, considering that the error bars in this case are 
larger. 

4. Discussion 

The main impact of US was on the crystal size, as observed previously 
for other systems in which US has been applied 
[9,11,12,14–19,21,22,61,62]. The effects of US and mixing seem to be 
analogous because similar crystal size reductions were detected. It is 
possible that sonication initially increases the number of nucleation 
sites, producing smaller crystals as a consequence and any subsequent 
crystal growth is inhibited because of the sono-deagglomeration phe
nomena [63–68]. Furthermore, it has been observed that crystals made 
with only 5 s sonication were smaller than those obtained with 5 s 
mixing (Fig. 6). This suggests that the influence of sonication on the 
initial nucleation step is even stronger than that of mixing, because US 
could produce much more nuclei than mixing, obtaining smaller crystals 

Table 1 
Standard deviations of PSDs (μm) based on number for each condition studied, for analysing the broadness. In case of two repetitions, the single values obtained from 
the two experiments are reported separately.  

Time [s] Silent Mixing 98 kHz 

298 rpm 562 rpm 1172 rpm 0.05 W 0.06 W 0.53 W 0.55 W 

5 0.034 0.019 0.019  0.016 0.012 
0.019  

0.020  0.016 0.014 
0.016 

30 0.038 0.016 
0.019 

0.026  0.021 0.018  0.021  0.021 0.019 
0.022 

300 0.031 
0.032 

0.022 
0.023 

0.019 
0.024  

0.020 0.020  0.020  0.022 0.021  

Time [s] 300 kHz 1 MHz 

1.32 W 3.24 W 5.34 W 7.52 W 0.21 W 1.13 W 1.96 W 2.78 W 

5  0.012  0.015  0.018 0.013 
0.014  

0.015  0.016  0.016 0.011 
0.013 

30  0.021   0.018  0.018 0.012  0.020  0.019  0.018 0.021 

300  0.017   0.024  0.019 0.021  0.021  0.023  0.021 0.022  

Fig. 7. Particle size distributions (PSD) obtained in (left) silent and mixing 
conditions and (right) in sonicated conditions, for different frequencies and 
calorimetric powers. The lines are drawn to guide the eye. 

Fig. 8. BET specific surface area as function of mixing speed (left) and calo
rimetric power for three frequencies (right). Each point is the average calcu
lated from the values obtained at different times (5 s, 30 s and 300 s) and the 
error bars are the relative standard deviations. 

Fig. 9. BET specific surface area of the ZIF-8 as function of segregation index. 
For each frequency, the BET SSA is the average calculated from the BET SSA 
obtained at different times (5, 30  and 300 s) and the error bars are the relative 
standard deviations. The two dotted lines represent the upper and lower limits 
of the standard error bars of the BET SSA obtained under silent condition. 
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after the same reaction time. 
In the case of MOF synthesis, it is difficult to identify which nucle

ation is mainly influenced, primary or secondary. Primary nucleation 
occurs when no crystalline structures are in the system, whereas sec
ondary nucleation needs the presence of crystals to occur [69]. On one 
hand, it is possible that the internal movement caused by sonication or 
mixing could homogenise the solution, so it is possible to have more 
points in which the local supersaturation is high enough to initiate 
crystallisation, i.e. primary nucleation is increased. On the other hand, 
mixing or sonication could affect secondary nucleation through collision 
and fluid shear phenomena, causing attrition and solute layer removal 
[70]. In both cases the final effect is the rapid increase in the number of 
nuclei. Coarse fragmentation is excluded for the MOF synthesis since no 
fragments are formed: the crystals have regular spherical shape with 
narrower PSD, features difficult to find for irregular fragments. 

Another possible explanation is the influence of sonication/mixing 
on the pH of the solution, which can affect the formation of ZIF-8 
because the pH should be basic enough for assuring the deprotonation 
of the ligand [28,34,35,45]. However, the possibility that sonication or 
mixing could change the pH is very low. Discarding the use of depro
tonators, in general pH mainly depends on the type of solvent used and 
on the temperature. However, US did not increase the bulk temperature 
more than 5 – 6 ◦C (observed during calorimetry), assuming that the 
nucleation occurred throughout the reaction (max 5 min) as worst-case 
scenario. Therefore, a change in pH responsible for reducing the crystals 
size is not expected with such a small variation in temperature. It is 
likely that sonication and mixing predominantly affects the coordination 
between metal and ligand, instead of the deprotonation. This is also 
proved by the yield, which is almost the same in all the conditions 
studied. If an effect on the deprotonation was expected, the yield should 
be higher or lower. 

There are no previous studies in the literature about the influence of 
mixing speed on the BET SSA for MOFs. One study on Cu3(BTC)2 showed 
that increasing the mixing speed decreases the BET surface area [71], 
but no explanations have been reported. For ZIF-8 it has been proven 
that the BET SSA increases with reaction time [28,35], in line with a 
higher crystallinity. One hypothesis for ZIF-8 formation [28] proposes 
an initial gel made of a metastable phase from where ZIF-8 crystals start 
growing until a fully crystalline material is formed. Two mechanisms are 
responsible of this structural change, the solution-mediated transport 
and the solid-phase transformation, previously hypothesised for zeolites 
[72]. In the former, the species needed for building the framework are 
transported from the liquid phase to the nucleation site, while in the 
latter the transformation occurs inside the initial amorphous gel through 
internal reorganisation. Both mechanisms most probably are involved 
during the ZIF-8 synthesis. Venna et al. [28] showed that for ZIF-8 the 
transition between amorphous and crystalline phase corresponds to an 
increase in the BET SSA, since it depends on the rearrangement of the 
building block in the crystal. The presence of an amorphous initial phase 
evolving toward a final crystalline phase was also shown elsewhere 
[30–32], confirming the similarities between zeolites and ZIFs. In the 
zeolite synthesis the role of agitation has been studied, even if its role is 
still unclear. Mixing can interact with many aspects of the reaction, such 
as reagent dissolution, initial gel formation, the break-up of the gel to 
initiate the crystalline structure and the transport of the species from the 
solution [73]. Some studies [74,75] revealed that a high stirring speed 
could form a more homogenous and less dense amorphous phase, 
improving the crystallinity of the final crystals. High mixing speed can 
also cause shear forces responsible of modifying the growth of the zeolite 
toward a more stable phase [76]. Considering all these observations, 
when the two reagents are mixed, high agitation levels could form a 
more homogeneous amorphous phase. After that, high mixing speed 
could reduce the duration of the initial transition phase, improving both 
the dissolution of the initial amorphous gel and the solution-mediated 
transport of the species. As a consequence, the diffusion of the species 
from the solution to the nucleation centre is increased, accelerating the 

transformation toward the crystalline phase. Therefore, it is possible 
that a lower segregation index (SI), which means higher micromixing 
level, can result in the ZIF-8 having a higher BET SSA, because the 
crystallinity is also higher. 

On the other hand, sonicated systems seems to behave differently 
because the BET SSA as function of the segregation index is almost flat 
(Fig. 8 and Fig. 9). It is well known that cavitation activity causes both 
microturbulence and shockwaves, which characterise the convection in 
the system [77]. The BET SSA of crystals produced with US is generally 
higher than in silent condition because sonication increases the level of 
micromixing, as it is shown from the value of segregation index in Fig. 9. 
On the other hand, the presence of shockwaves could negatively affect 
the surface area. In previous work [46] on the sonication of ZIF-8 par
ticles, made with a conventional synthesis in methanol, showed that an 
ultrasonic horn at 20 kHz caused localised defects on the crystal surface. 
In addition, pore blockages have been observed due to the recrystalli
sation induced by US. Collapses of cavitation bubbles could be respon
sible for phase transformations similar to what happens with shear 
forces induced by mixing [76], damaging at the same time the crystal 
framework. During the crystal growth, bridges are formed using non- 
framework species for stabilising the pores [32]. The shockwaves in a 
sonicated system could break these fragile bridges, reducing the internal 
porosity and the surface area. This hypothesis can also explain why, 
when increasing the calorimetric power at fixed frequency, the BET SSA 
tends to slightly decrease towards the value obtained in silent condi
tions: in this case, the advantages of mixing are cancelled by the increase 
on collapse strength, reducing the BET SSA. Finally, looking at Fig. 9, 98 
kHz gives the lowest segregation index values, but the surface area is 
similar to the values corresponding to the other frequencies used. This is 
probably due to the strong bubble collapses typical at low frequencies 
[25], which may completely remove the benefits of the high micro
mixing reached in the system. For 300 kHz and 1 MHz, the bubble 
collapses are weaker due to smaller active bubbles associated with 
higher frequencies [25] but no significant improvement in BET SSA 
values were observed. The calorimetric powers used at the higher fre
quencies are in general higher than the powers used for 98 kHz (Fig. 8 
right) and would increase the maximum bubble size reached during 
expansion, leading to an increase of the shockwaves which could 
decrease the BET SSA values by damaging the coordination bonds of the 
framework or promote amorphization of the ZIF-8. 

Cavitation bubble population, size and cavitation threshold can vary 
over different frequency ranges and powers. Therefore, it is possible that 
a very narrow ultrasound operation window exists in which the micro
mixing can be maximised and the damage to the coordination bonds of 
the framework minimised, but have been missed in this study. To 
confirm the existence of such optimum would require a much smaller 
variation in frequency and power to be investigated, which require so
phisticated instrumentation that may not always be easily sourced. 

5. Conclusions 

A systematic study on the sonocrystallisation of ZIF-8 in a water- 
based system has been conducted, exploring different frequencies, 
powers and sonication time. Moreover, experiments at different mixing 
speeds and in silent conditions have been carried out for comparison. In 
general, no significant effects of time have been detected for crystal
linity, purity, yield and BET specific surface area (SSA), while for crystal 
size a growth is observed between 5 and 30 s, before reaching a plateau. 
Both sonication and mixing mainly cause a crystal size reduction with 
respect to the silent condition producing nanoparticles, but no clear 
trends have been detected using different frequencies, calorimetric 
powers or mixing speeds. On the other hand, crystallinity, purity and 
yield were not affected by any condition considered. It has been 
hypothesised that sonication and mixing probably influence the nucle
ation step, increasing rapidly the number of nucleation centres and 
consequently hindering the growth. In addition, it has been concluded 
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that the effects of sonication on the nucleation are more significant than 
for mixing. Effects on the pH have been excluded, considering that 
solvents and temperature are kept constant and that no basic depro
tonators were used. 

Finally, the BET SSA increases with higher mixing speed. With son
ication, instead, the BET SSA reached is lower than that attained with 
mixing, but slightly higher than with silent conditions. This behaviour 
could be explained by the competition between micromixing, which 
increases the BET SSA, and the shockwaves, which can break the 
framework consequently decreasing the surface area. Therefore, the 
synthesis of ZIF-8 in water can be shortened because pure crystals with 
high BET SSA can be obtained in only 5 s. Furthermore, with only 5 s 
sonication it is possible to obtain even smaller crystals (~0.08 µm). 
However, in general sonication does not significantly improve the re
action nor the final product. The features of the crystals obtained 
resemble the ones produced by mixing except for the BET SSA: with high 
stirring speed the surface area produced is higher, while with sonication 
there is no significant improvement. 
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