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Abstract
With respect to different applications of metal–organic framework (MOF) in the medical, industrial and environmental fields, 
it is very important to choose a new structure that can be synthesized by fast, eco-friendly and affordable methods with 
distinctive properties so that the properties could be systematically controlled. In this study, new Ta–MOF nanostructures 
are synthesized by novel methods of microwave (Mw) and ultrasonic assisted microwave (UAMw) in environmental condi-
tions. The final products are characterized by relevant techniques. Although in the both methods, the synthesized products 
have favourable properties; the use of the UAMw method would produce samples with distinct features such as high thermal 
stability of 240 °C, average particle size distribution (PSD) of 23 nm and significant specific surface area (SSA) of 2012 m2/g. 
For a better comprehension of the Ta–MOF formation, computational studies are performed using DFT calculations. In order 
to investigate the effect of the synthesis parameters on different features of the products, the fractional factorial design is 
used. The results of analysis of variance confirm that the parameters such as Mw power, Mw duration, ultrasonic tempera-
ture, ultrasonic power and ultrasonic duration have a significant effect on PSD and SSA of Ta–MOF samples. Due to the 
fractional factorial design of the experiments, response surface methodology would optimize the probability of producing 
samples with the small PSD of 15 nm and high SSA of 2588 m2/g; this desirable amount would provide situations to use 
these compounds in diverse fields.

Keywords  UAMw method · Ta–MOF nanostructure · DFT study · Experimental design

1  Introduction

Metal–organic frameworks (MOFs) are a novel class of 
porous materials, which have recently been used in various 
fields due to their unique physico-chemical properties [1]. 

These materials are prepared by various methods under 
different conditions. It is highly important to choose a 
method that makes the synthesis of these materials in 
environmental conditions possible and manufactures 
high-yielding products with distinctive properties [2]. The 
ultrasonic and microwave (Mw) methods have advantages 
including high-speed production, having reactions in envi-
ronmental conditions, low cost and eco-friendliness [3, 4]. 
In these methods, compounds with a variety of structures 
and different physico-chemical properties are synthesized 
through controlling synthesis conditions [5]. The use of 
such effective methods, compared to other conventional 
methods, for the synthesis of samples results in proper-
ties of products to be partly improved. However, in some 
reports, the MOF-samples have low specific surface area 
(SSA) and bulk size particles [6, 7]. Due to the benefits 
of ultrasonic and Mw methods, if the both of methods 
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are used together as a novel method, in which the effects 
of ultrasonic and microwave parameters on properties of 
products are systematically studied, we expect the produc-
tion of samples with more favourable properties. To the 
best of our knowledge, no study has been conducted on the 

synthesis of MOFs using an ultrasonic assisted microwave 
(UAMw) method.

As mentioned earlier, the control of the impact of the syn-
thesis parameters on different properties of MOF-samples 
is highly important. In previous studies, the effect of several 
synthesis parameters on properties of products has been 
examined using conventional designs, in which a number 
of parameters are assumed constant and one factor is vari-
able. This process not only increases the number of experi-
ments, but also ignores the interaction between parameters 
[8]. Therefore, the systematic control of products’ properties 
is impossible using conventional designs. In our previous 
report, the 2K−1 factorial design was used to control prod-
ucts’ properties [9]. Nevertheless, since a large number of 
experiments should be selected in this method, it is highly 
important to choose an ideal design that makes the system-
atic study of products possible and reduces the number of 
experiments. The fractional factorial design is one of the 
systematic ways, through which the number of experiments 
is reduced and synthesis parameters are scientifically investi-
gated [10]. According to the literatures, no reports have been 
found on the use of this systematic method for controlling 
the properties of MOFs.

Many samples of MOFs have been synthesized so far [11, 
12]; however, it is important to select and introduce a new 

Fig. 1   The schematic representation of Ta–MOF synthesized under 
optimal conditions of the UAMw method

Fig. 2   TGA (red), DSC (black) 
and DTG (green) curves of the 
Ta–MOF samples prepared 
under optimal conditions of the 
Mw and UAMw method. (Color 
figure online)
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structure, which can draw the attention of researchers for 
further studies. In our previous study, due to the numerous 
uses of tantalum nanostructures in industries, electronics 
and ceramics [13], we synthesized Ta–MOF nanostructure 
for the first time. In the present study, we decided to syn-
thesize and introduce C21H14N3O13Ta nanostructure as a 
new Ta–MOF for manufacturing products with distinctive 
features using two synthesis methods of Mw and UAMw. 
To this end, thermogravimetric analysis (TGA), differential 
scanning calorimetry (DSC), derivative thermogravimetric 
(DTG) curve, X-ray diffraction (XRD), scanning electron 
microscopy (SEM), Fourier transform infrared (FT-IR) 
spectroscopy, CHNS/O elemental analyser, energy disper-
sive spectrometer (EDS) elemental mapping images, and 
Brunauer–Emmett–Teller (BET) surface area techniques 
were used to characterize final products. The Ta–MOF 

samples were designed using the fractional factorial. For 
the systematic study of the effect of synthesis parameters 
on different properties of products, we used analysis of 
variance and Pareto chart. Finally, response surface meth-
odology (RSM) predicted the possibility of manufacturing 
products with ideal properties under controlled conditions 
in the UAMw method.

2 � Experimental section

2.1 � Materials and instrumentation

Reagent-grade chemicals of tantalum(V) chloride (Mw: 
358.21 g/mol, 99.8%), and 2,6-pyridine dicarboxylic acid (Mw: 
167.12 g/mol, 99.6%) were purchased from Sigma-Aldrich. All 

Fig. 3   The XRD patterns of the 
Ta–MOF samples synthesized 
by the mean of two different 
methods (Mw and UAMw)

Fig. 4   The SEM images of the Ta–MOF samples synthesized by the Mw and UAMw methods
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the materials were commercially available and used as received 
without further purification. TGA (DuPont, TA Q50 analyser), 
DSC (QMS403C, Netzsch) and DTG (Shimadzu, DTG-60H) 

were used from room temperature to 800 °C with a heating rate 
of 5 °C/min under an argon atmosphere. XRD were carried out 
on Scintag X1 diffractometer with monochromatized CuKα irra-
diation (λ = 0.1540 nm) in 2θ angles ranging from 10 to 90 °C 
to collect the crystallographic information. The microscopic 
features of the Ta–MOF samples were examined using SEM 
(Nova NanoSEM230). For FT-IR spectroscopy, Thermo Sci-
entific Nicolet-6700 spectrometer was used. CHN/S and EDS 
elemental mapping images were used to carry out the elemental 
analysis. BET surface areas of the Ta–MOF samples were deter-
mined using a Micromeritics, TriStar II 3020 analyser at 77 K.

2.2 � Synthesis of Ta–MOF samples

2.2.1 � Microwave (Mw) method

In a typical Mw synthesis, 0.0716 g of TaCl5 (0.2 mmol) and 
0.1003 g of pyridine-2,6-dicarboxylic acid (0.6 mmol) were 

Fig. 5   The FT-IR spectra of the Ta–MOF samples produced by the 
Mw and UAMw methods

Fig. 6   Representations of the compound I (as an independent unit), and compounds II and III (as expanded units) predicted based on the results 
of the FT-IR spectrum (color: C: black; N: blue; O: red; Ta: light blue and H: white). (Color figure online)
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dissolved in 30 mL double-distilled water, and the mixture was 
stirred approximately 20 min at 85 °C. Then, the compound 

was put into the Mw reactor and placed under the optimal 
irradiation with the microwave power of 700 W for 15 min at 
the ambient temperature.

2.2.2 � Ultrasonic assisted microwave (UAMw) method

The synthesis of Ta–MOF nanomaterials using the UAMw 
method was performed as follows: the mixture, which was 
obtained in the previous section by microwave irradiation 
(Sect. 2.2.1), was entered into the ultrasonic bath with the fre-
quency of 20 Hz, undergoing optimal ultrasonic irradiation 
with the power of 220 W for 10 min at 35 °C. After cooling 
to room temperature, the products were isolated by washing 

with distilled water. A simple schematic representation of the 
synthesis of Ta–MOF is shown in Fig. 1.

3 � Results and discussion

3.1 � Thermodynamic behaviour

Thermodynamic behaviour of the Ta–MOF samples syn-
thesized using the Mw and UAMw methods is shown in 
Fig. 2. Based on the results obtained from TGA, the ther-
mal behaviour of the samples in both the methods would 
follow a certain pattern and the Ta–MOF samples would 
suffer from weight loss in four steps [14]. The first step 
can be attributed to the evaporation of adsorbed water. 
In the second step, the trapped water in the structure is 
decomposed. After this step, the pure product of Ta–MOF 

Fig. 7   Representations of the ligand A (used in the compounds I and II) and ligand B (used in the compounds II and III)

Table 1   DFT calculations of the ligand A used in the compounds I 
and II 

Method B3LYP/6-311G B3LYP/6-31G

Dipole moment (debye) 4.3486 4.3771
Amount of charge on oxygen 

atoms
 O1 − 0.351 − 0.313
 O2 − 0.261 − 0.220
 O14 − 0.522 − 0.528
 O16 − 0.403 − 0.361

Bond length (angstrom)
 C3–O1 1.26942 1.26500
 C3–O2 1.31103 1.31350
 C13–O14 1.36324 1.36257
 C13–O16 1.23930 1.23669

Angle
 O1–C3–O2 113.77759 113.84765
 O14–C13–O16 122.83087 122.81197

Compound energy (a.u) − 624.71012602 − 624.54732499

Table 2   DFT calculations of the ligand B used in the compounds II 
and III 

Method B3LYP/6-31G B3LYP/6-311G

Dipole moment (debye) 4.0702 8.287
Amount of charge on oxygen atoms
 O1 − 0.13 − 0.301
 O2 − 0.102 − 0.277
 O14 − 0.102 − 0.277
 O15 − 0.13 − 0.301

Bond length (angstrom)
 C3–O1 1.31801 1.25478
 C3–O2 1.32343 1.30725
 C13–O14 1.32343 1.30726
 C13–O15 1.31801 1.25478

Angle
 O1–C3–O2 112.90728 121.12259
 O14–C13–O15 112.90916 121.12258

Compound energy (a.u) − 615.75902 − 623.97981
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is obtained. In the third step, in both the samples, there 
is significant weight loss, and the structure of the MOFs 
is degraded. In the final step, the residual components of 
the samples are disintegrated. The results show that the 
use of the UAMw method would produce samples with 
higher thermal stability (240 °C in the UAMw method 
compared to 185 °C in the Mw method). Since the pure 
product obtained contains 87% of the initial sample weight 
in the UAMw method, while it contains 78% of the ini-
tial sample weight in the Mw method, it is concluded that 
the UAMw method, compared to the Mw method, would 
produce higher-yielding samples. DSC and DTG analyses 
approve the results of TGA, representing that the ther-
modynamic behaviour of the Ta–MOF samples is in four 
distinct steps and each step requires particular energy [9].

3.2 � Crystallinity

Figure 3 shows the XRD patterns of the Ta–MOF samples 
with high crystallinity, which are synthesized using the Mw 
and UAMw methods. Although based on Debye–Scherrer 
equation, the crystal size of both the samples is in the nano-
metric range [15], the sample synthesized by the UAMw 
method has smaller crystal size for having wider peaks 
(22 nm in the UAMw method compared to 56 nm in the Mw 
method). Since the samples are synthesized in two different 
conditions, it is possible that the synthesis parameters would 
have a great effect on the size of crystals. In both the Mw 
and UAMw methods, the corresponding XRD patterns were 
indexed to the monoclinic crystal system of the pure com-
plex of C21H14N3O13Ta with the space group  P21/n and unit 

Fig. 8   The proposed mechanism of the Ta–MOF samples synthesized under optimal conditions of the Mw and UAMw methods
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cell parameters of a = 12.986 Å, b = 8.9104 Å, c = 24.942 Å, 
and α = 90.049.

3.3 � Morphology and size distribution

Figure 4 demonstrates the SEM images of the Ta–MOF 
samples synthesized under optimal conditions of the Mw 
and UAMw methods. Based on the results, the morphology 
of the sample synthesized by the Mw method is rod-shaped 
with the average diameter of 76 nm; however, using the 
UAMw method would produce nanoparticles with flower-
like morphology. The sample synthesized by the UAMw 
method has more uniform morphology than that synthesized 
by the Mw method; accordingly, no evidence of agglomera-
tion and aggregation of particles can be found while using 

Fig. 8   (continued)
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Fig. 9   The CHNS/O elemental analysis for the Ta–MOF samples 
synthesized under optimal conditions (the theoretical calculation: 
blue, the UAMw method: red and the Mw method: green). (Color fig-
ure online)
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Fig. 10   The EDS elemental mapping images for the Ta–MOF samples synthesized under optimum condition of the Mw and UAMw methods

Fig. 11   The N2 adsorption/desorption isotherms (a) and pore size distribution (b) of the Ta–MOF samples synthesized under optimal conditions 
of the Mw and UAMw methods

Table 3   Coded and non-coded 
levels of the UAMw parameters 
based on the fractional factorial 
design

Level Coded level Non-coded level

Microwave 
power (W)

Microwave 
duration (min)

Ultrasonic tem-
perature (°C)

Ultrasonic 
power (W)

Ultrasonic 
duration 
(min)

High + 1 900 20 45 320 15
Center 0 700 15 35 220 10
Low − 1 500 10 25 120 5

Coded formula:
x−

x (high)+x(low)

2
x( high)−x(low)

2

, x ∶ − w… , − 3, − 2, − 1, 0, 1, 2, 3, … . + w
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the UAMw method. However, in the Mw method, the parti-
cles are partially aggregated, which can increase the diam-
eter of the Ta–MOF sample.

3.4 � Chemical composition

Figure 5 demonstrates the FT-IR spectra of the Ta–MOF 
samples that have been synthesized by the Mw and UAMw 
method under optimal condition. In the both spectra, the 
absorption peak near 3198.44 cm−1 is related to the coor-
dinated water in the structure. The frequency observed at 
2847.12 cm−1 confirms the presence of the stretching vibra-
tions of aromatic CH. The absorption peaks near 1605.33 
and 1564.47 cm−1 can be assigned to the –COO– groups, 
and the frequency absorption near 1014.94 cm−1 is ascribed 
to the C–N bond. The absorption band at 874.06 cm−1 is due 
to the C–H bending vibrations, and the frequencies around 
782.29 and 702.57 cm−1 are assigned to the Ta–O bond.

According to the results of the FT-IR spectra and with 
regard to various configurations of ligand, the compound I 
was predicted as the independent unit and the compounds 
II and III were predicted as the expanded units (Fig. 6). In 
order to determine the structural stability of the compounds, 
the density functional theory (DFT/B3LYP) method coupled 
with 6-31G and 6-311+G functionals were utilized [16]. 
Since ligands are the base of expansion of structures (Fig. 7), 
the stability of ligands was examined to determine which of 
these compounds were stable. The structural information 
of these ligands, which was obtained using the theoretical 

methods, is reported in Tables 1 and 2. According to the 
results, in both the B3LYP/6-31G and B3LYP/6-311G meth-
ods, the ligand A had less energy than the ligand B. Since 
the compounds I, II and III were respectively made of the 
ligand A, ligands A and B, and ligand B, it can be concluded 
that the compound III is more stable because it is made of a 
ligand with less energy. Moreover, since the ligand attacks 
the metal with its head (OH) and forms a complex, the prob-
ability of complex stability is higher in the structures, in 
which the charge density on oxygen is low. Table 2 shows 
that the charge density on oxygen atoms is low in the com-
pound III, which implies the stability of this structure. The 
results of the theoretical methods approve the formation of 
the compound III as a piece of evidence for the expansion of 
the primary units. Therefore, this issue strengthens the for-
mation of a MOF with a polymeric structure. The proposed 
mechanism as well as the final structure of the formation of 
Ta–MOF is presented in Fig. 8.

The amounts of carbon, hydrogen, nitrogen and oxygen, 
which were obtained by the experimental methods using 
CHNS elemental analysis, as well as the results of theoretical 
computations are shown in Fig. 9. As can be observed, the 
results of elemental analysis in both the experimental meth-
ods of Mw and UAMw are consistent with theoretical cal-
culations. These results confirm the final structure related to 
the proposed mechanism of the Ta–MOF (C21H14N3O13Ta) 
shown in Fig. 8. In order to understand the origin of the 
structure morphology, EDS elemental mapping images were 
applied on the Ta–MOF sample synthesized by the UAMw 

Table 4   Randomized complete fractional factorial designs for different experimental conditions of the Ta–MOF samples synthesized by the 
UAMw method

PSD Particle size distribution, SSA Specific surface area

Sample 
(Condi-
tion)

Std order Center Pt A (W) B (min) C (°C) D (W) E (min) REP PSD (nm) SSA (m2/g) Morphology

a 9 1 0 − 1 + 1 − 1 − 1 1 153 1190 Rod-shaped microstructure
2 155 192

b 5 1 − 1 0 0 − 1 0 1 45 1820 Spherical nanostructure
2 44 1818

c 6 1 − 1 − 1 − 1 0 0 1 108 1420 Flower-like microstructure
2 108 1419

d 3 1 0 0 0 0 0 1 23 2012 Flower-like nanostructure
2 23 2012

e 2 1 − 1 − 1 − 1 − 1 − 1 1 921 322 Bulk structure
2 918 321

f 8 1 0 0 0 − 1 0 1 30 1978 Rod-shaped nanostructure
2 30 1976

g 4 1 + 1 + 1 + 1 + 1 + 1 1 984 212 Bulk structure
2 980 211

h 7 1 + 1 0 + 1 + 1 0 1 204 742 Spherical microstructure
2 204 740
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Fig. 12   The SEM images of the Ta–MOF samples synthesized under different conditions of the UAMw method (a–h)
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method. According to Fig. 10, the flower-like morphology 
of this nanostructure was due to the presence of Ta, O and C 
elements; besides, the CHNS elemental analysis confirmed 
the presence of these elements in the structure.

3.5 � Textural properties

The nitrogen adsorption/desorption isotherms of the prod-
ucts synthesized by the methods of Mw and UAMw are 
shown in Fig. 11a. According to the IUPAC classification 

of adsorption/desorption isotherms [17, 18], although 
the Ta–MOF samples produced by both methods have a 
mesoporous nature, based on the results of BET surface 
area technique, the sample synthesized by UAMw method 
has a higher SSA (2012 m2/g in the UAMw method than 
1784 m2/g in the Mw method). Figure 11b also shows the 
pore size distribution of the samples based on the BJH 
method in both the experimental MW and UAMW meth-
ods; as can be seen, the mean pore size distribution of the 

Fig. 13   The N2 adsorption/
desorption isotherms of the 
Ta–MOF samples synthesized 
under different conditions of the 
UAMw method (a–h)
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Ta–MOF samples is 2.6 nm in the UAMw method and 
2.1 nm in the Mw method.

3.6 � Experimental design

Several characterization techniques indicated that although 
the Ta–MOF samples synthesized by the Mw and UAMw 
methods had desirable properties, the use of the UAMw 
method yielded products with higher efficiency and more 
desirable properties such as higher thermal stability, higher 
surface area and more uniform morphology. Therefore, this 
route was selected as the ideal method and employed in the 
design of the experiment. Since conventional experimental 
designs result in increased number of experiments and also, 
do not taken into account the interaction between factors, 

in case of using these conventional methods, it would not 
be possible to systematically investigate the effect of syn-
thesis parameters on different properties of products [19]. 
Accordingly, the scientific experimental design known as 
fractional factorial design was used in the present study. The 
fractional factorial range is very critical problem to seek an 
optimization. At first, we used the experimental condition 
reported in previous similar works [9, 20]. At last, using 
XRD, TG/DSC, FTIR and SEM we could find that how the-
ses selected parameters could influence drastically on the 
final structure and properties of material synthesized by this 
method. In this scientific design, the synthesis parameters of 
the UAMw method, including Mw power (A), Mw duration 
(B), ultrasonic temperature (C), ultrasonic power (D) and 
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Table 5   Analyses of variance 
for PSD and SSA of the Ta–
MOF samples synthesized 
under different conditions of the 
UAMw method

R2: 99.96%; R2(pred): 99.89%; R2(adj): 99.87%

Source Adj MS Fvalue Pvalue

PSD SSA PSD SSA PSD SSA

A 210.21 324.47 8547.48 7458.32 0.000 0.000
B 144.47 297.98 7145.49 6599.45 0.006 0.008
C 89.69 146.37 7046.65 6480.98 0.009 0.008
D 64.25 97.74 6547.35 5898.20 0.009 0.013
E 50.30 74.36 5784.61 4990.39 0.012 0.018
AB 32.87 64.77 3025.54 3578.08 0.016 0.021
AC 13.45 46.54 1640.48 2021.40 0.020 0.028
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ultrasonic duration (E) were selected. Then, effects of these 
parameters on the properties of the Ta–MOF sample such as 
their particle size distribution (PSD) and SSA were studied. 
Coded levels of each parameter were considered equal to 
+ 1, 0 and − 1 (Table 3). Then, several experiments were 
designed using this method. The design matrix and response 
data obtained from two replicates of the experiments are 
shown in Table 4 (18 runs were made in a random order). In 

contrast to other conventional methods, in which parameters 
in each experiment are considered constant and only one 
parameter is considered variable in order to investigate effect 
of that variable parameter, the parameters in the fractional 
factorial design were assumed variable [21, 22].

Figure 12 shows the SEM image of the Ta–MOF sam-
ples synthesized in different conditions of the synthe-
sis parameters of the UAMw method, which had been 
designed via fractional factorial. Based on the data 
obtained from these images, depending on the synthesis 
conditions, the Ta–MOF samples had various morpholo-
gies. Besides, their mean PSD was different so that the 
sample d was selected as the optimal sample due to having 
a smaller PSD than the other samples. Figure 13 shows 
the N2 adsorption/desorption isotherms of the Ta–MOF 
samples synthesized in different conditions of the UAMw 
method, including microwave parameters (power and dura-
tion) and ultrasonic parameters (temperature, power and 
duration). As can be observed in this Figure, the samples 
exhibited various adsorption/desorption behaviours; fur-
thermore, based on the data obtained from the BET tech-
nique, these samples (a–h) had different SSAs in different 
synthesis conditions. A comparison between different syn-
thesis conditions indicated that the condition d, in which 
the sample had maximum SSA, could be considered as 
the optimal condition. The obtained results indicated that 
properties of the Ta–MOF samples obtained in the present 
study were significantly improved compared to those of 
other MOF samples that had been previously synthesized 
through different methods and under different synthesis 
conditions [23–26]. Moreover, the thermal stability (240 
vs. 218 °C), mean PSD (23 vs. 73 nm) and SSA (2012 vs. 
1940 m2/g) of the Ta–MOF sample, which were synthe-
sized by the UAMw method in optimal conditions in the 
present study, were improved compared to those of the 

Fig. 16   The Pareto charts of the effect of the synthesis parameters on properties of the Ta–MOF samples

Fig. 17   The FT-IR spectra of the Ta–MOF samples synthesized under 
different conditions of the UAMw method (a–h)
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previous sample synthesized using ultrasonic method [9]. 
Such improvement could be attributed to the type of the 
synthesized compound, application of the optimal synthe-
sis conditions and use of a novel synthesis method since 
the UAMw method was employed in the present study.

3.7 � Ultrasound assisted microwave (UAMw) effects

To ensure that the design of the experiments is scientific and 
probability distribution is normal, the residual plots for the 
results of PSD and SSA of the Ta–MOF samples synthesized 
in different UAMw conditions are shown in Figs. 14 and 
15. It is clear that, in all types of residual plots for every 
property, the number of positive and negative levels is equal, 
which is compelling evidence for the scientific design and 
normal distribution of the experiments [27, 28].

Analysis of variance (ANOVA) was employed to study 
the effect of UAMw parameters on the PSD and SSA of 
the Ta–MOF samples. To interpret the results of ANOVA, 
αvalue and pvalue belonging to each factor were compared 
together [29, 30]. The αvalue (standard significance level) 
was set to 0.05 by default. The Pvalue (Pvalue is a number 
between 0 and 1, and used to weigh the strength of the 
data validity) varies according to the magnitude of the 
effect of synthesis parameters on sample properties [31]. 
The effect of a parameter on the properties in question is 
revealed if Pvalue is smaller than αvalue for that parameter. 
Based on the ANOVA results in Table 5, the parameters of 
Mw power (A), Mw duration (B), ultrasonic temperature 
(C), ultrasonic power (D) and ultrasonic duration (E) have 
a small Pvalue (equal or close to 0.0). Thus, all these param-
eters have significant effects on the PSD and SSA of the 
Ta–MOF samples. Moreover, small Pvalue in AC and BD 
inactions confirms that the interaction between ultrasonic 

and Mw parameters affects the properties of the Ta–MOF 
products. The magnitude of the effect of synthesis param-
eters and the interaction among them is illustrated using 
Pareto charts in Fig. 16.

In the present study, the Ta–MOF samples had various 
PSDs, morphologies and SSAs depending on the synthesis 
conditions. The results of ANOVA and Pareto charts showed 
that the parameters of Mw power, microwave duration, ultra-
sonic temperature, ultrasonic power and ultrasonic duration 
had significant effects on these properties. Regarding the 
systematic studies, the sample d was selected as the optimal 
sample, and values of the parameters of the UAMw method, 
which led to the synthesis of this sample with desirable 
properties, were selected as the optimal value. These syn-
thesis parameters, which are a combination of parameters of 
the microwave and ultrasonic methods, yielded the Ta–MOF 
nanostructure (the sample d) with uniform morphology, 
flower-like structure and average PSD of 23 nm (Fig. 12d). 
According to the IUPAC classification, the sample d had 
behaviour similar to that of the fifth type of the N2 adsorp-
tion/desorption isotherms series, indicating the meso-size 
distribution of the pores (Fig. 13d). Furthermore, results of 
the BET technique showed that the surface area of this sam-
ple was higher than that of other samples.

Figure 17 shows the FT-IR spectra of the Ta–MOF 
samples synthesized under different conditions of the 
UAMw method (a–h). Accordingly, at the conditions g 
and h, no bonds related to the formation of Ta–O were 
observed; thus, it can be concluded that in the samples 
g and h, the Ta–MOF bonds were not formed properly; 
however, in the other samples, all the bonds related to 
the formation of Ta–MOF can be observed. Since at the 
conditions g and h, some of the synthesis parameters had 
higher intensity than the optimal parameters, such high 

Fig. 18   The XRD patterns of 
the Ta–MOF samples synthe-
sized under different conditions 
of the UAMw method (a–h)
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intensity could cause destruction of the bonds related to 
the formation of MOF, which would result in the synthesis 
of the samples with bulk-range PSD (Fig. 12g, h). Moreo-
ver, the interaction between the ultrasonic and microwave 
parameters, the effect of which was confirmed by ANOVA, 
would increase the intensity of such destruction. Thus, at 
the condition g, in which all the microwave and ultrasonic 
synthesis parameters were at their highest intensity com-
pared to the optimal condition, the sample’s adsorption 
behaviour (Fig. 13g) was similar to that of the third type 

of the adsorption isotherms (the behaviour of the nonpo-
rous systems) [17, 32]. However, at the condition h, in 
which the parameters of microwave power, ultrasonic tem-
perature and ultrasonic power were at their highest levels 
and the other synthesis parameters were in their optimal 
condition, the N2 adsorption behaviour of the sample h 
was similar to that of the second type of the isotherms, 
indicating the irregular interaction between the adsor-
bent and adsorbate (Fig. 13h) [33]. In the samples e and 
a, based on the FT-IR, although all the bonds related to 
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Fig. 19   Surface plots for PSD of the Ta–MOF samples obtained from a regression model
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the formation of Ta–MOF were formed properly, selec-
tion of the synthesis parameters at their lowest level at the 
condition e compared to the optimal conditions led to the 
agglomeration of the particles as well as their bulk-range 
size distribution (Fig. 12e). Furthermore, the N2 adsorp-
tion behaviour of the sample e was due to the nonporous 
system so that the SSA of this sample was considerably 
reduced (Fig. 13e). However, at the condition a, since the 
parameters of microwave duration, ultrasonic power and 
ultrasonic duration were selected at their lowest levels 

compared to the optimal conditions and only the parameter 
of microwave power had an optimal value, morphology 
of the sample a was in a microstructure rod-shaped form 
(Fig. 12a). Moreover, its adsorption/desorption isotherm 
was similar to that of the first type of the isotherms, indi-
cating the microporous nature of the pores (Fig. 13a) [20]. 
In the samples c, f and b, depending on the extent to which 
the synthesis parameters were close to the optimal param-
eters’ values, the morphology, N2 adsorption/desorption 
behaviour and PSD of the samples were different. Table 4 
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Fig. 20   Surface plots for SSA of the Ta–MOF samples obtained from a regression model
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represents the levels of the synthesis parameters as well 
as the obtained properties of the samples. Figure 18 shows 
the XRD patterns of the Ta–MOF samples synthesized in 
different conditions of the UAMw method. The sample 
d, which was synthesized under optimal conditions, had 
the peaks related to the formation of Ta–MOF. Presence 
of the broad peaks indicated the small size of the crystals 
in this sample. In the samples g and h, due to the high 
intensity of the synthesis parameters and destruction of 
the bonds, some of the XRD patterns of these samples 
were not formed compared to the optimal sample. In the 
samples e, a, c, b and f, although the XRD patterns of 
Ta–MOF were formed properly, their crystal sizes differed 
depending on the synthesis conditions.

3.8 � Optimization parameters

Based on the experimental designs performed by fractional 
factorial and also the ANOVA results [34, 35], the regres-
sion equations obtained for each property of the Ta–MOF 
samples were as PSD = 269 + 11.1 A − 36.7 B + 33.8 
C + 96.4 D − 198 E and SSA = 1239 + 206 A − 134 B − 155 
C + 65 D + 359 E [34]. According to these equations, which 
related the synthesis parameters to properties of products, 

the surface plots are designed (Figs. 19, 20). Based on these 
plots, various values of PSA and SSA of the Ta–MOF sam-
ples are theoretically estimated by selecting different values 
for Mw power (A), Mw duration (B), ultrasonic temperature 
(C), ultrasonic power (D) and ultrasonic duration (E). Differ-
ent synthesis parameters and properties of products (which 
were experimentally obtained) are reported in Table 4. By 
generalizing the theoretical equations to the experimen-
tal results in Table 4, it is concluded that the experimen-
tal results are in good agreement with the theoretical data 
obtained from the regression models under similar condi-
tions. One of the objectives of this study was to synthesis 
Ta–MOF samples with ideal properties. Thus, based on the 
design of the experiments and ANOVA results, RSM was 
used to achieve the best experimental conditions in order to 
synthesis products with unique properties (Fig. 21) [36, 37]. 
Different conditions of UAMw parameters for the produc-
tion of the Ta–MOF samples with small PSD and high SSA 
(predicted by RSM) are presented in Table 6.
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Fig. 21   RSM plots for PSD and SSA of the Ta–MOF samples

Table 6   Response optimization of the synthesis parameters offered by RSM results (parameters are reported as non-coded level)

Response Goal Lower Target UAMw parameters Desirability Predict 
response 
valueA (W) B (min) C (°C) D (W) E (min)

PSD (nm) Minimize 10 14 564 12.35 28.8 282 13.6 0.9866 15
SSA (nm) Maximize 2000 2400 811.12 16.237 32.446 265.45 10 1.0000 2588
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4 � Conclusion

In this study, UAMw was used as a novel method for the 
facile synthesis of a new Ta–MOF nanomaterial. Since the 
compounds that were manufactured in this route had ideal 
properties, UAMw can be used as a new synthesis proto-
col for the production of a variety of nanostructures. The 
results showed that synthesis parameters play a major role 
in the production of Ta–MOF nanostructure with various 
structures and different physico-chemical properties includ-
ing PSD of 15 nm and high SSA of 2588 m2/g. For the sys-
tematic study of the parameters on various properties of the 
Ta–MOF samples as well as optimization of the productions 
with different properties, the fractional factorial design was 
used.
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