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Abstract 
A power-law (y = cxn) signature between process energy budget (kJ) and 
process energy density (kJ∙ml−1) of microwave-assisted synthesis of silver and 
gold nanostructures has been recently described [Law and Denis. AJAC, 
14(4), 149-174, (2023)]. This study explores this relation further for palla-
dium, platinum, and zinc oxide nanostructures. Parametric cluster analysis 
and statistical analysis is used to test the power-law signature of over four or-
ders of magnitude as a function of six microwave applicator-types metal pre-
cursor, non-Green Chemistry synthesis and claimed Green Chemistry. It is 
found that for the claimed Green Chemistry, process energy budget ranges 
from 0.291 to 900 kJ, with a residual error ranging between −33 to +25.9 
kJ∙ml−1. The non-Green Chemistry synthesis has a higher process energy 
budget range from 3.2 kJ to 3.3 MJ, with a residual error of −33.3 to +245.3 
kJ∙ml−1. It is also found that the energy profile over time produced by soft-
ware controlled digestion applicators is poorly reported which leads to resi-
dual error problematic outliers that produce possible phase-transition in the 
power-law signature. The original Au and Ag database and new Pd, Pt and 
ZnO database (with and without problematic outliers) yield a global micro-
wave-assisted synthesis power-law signature constants of c = 0.7172 ± 0.3214 
kJ∙ml−1 at x-axes = 0.001 kJ, and the exponent, n = 0.791 ± 0.055. The infor-
mation in this study is aimed to understand variations in historical micro-
wave-assisted synthesis processes, and develop new scale-out synthesis 
through process intensification. 
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1. Introduction 

Since the 1970s microwave rapid synthesis of organic materials (Gedye et al. 
(1988) [1], Gedye et al. (1991) [2]) and inorganic materials (Rinaldi et al. (2015) 
[3]) has become a well-established chemical synthesis route. The emergence of 
Green Chemistry with its twelve principles has embedded itself within this mi-
crowave synthesis approach (Grewal et al. (2013) [4]. In the case of metal pre-
cursor and reactants within a colloid form transition-metal nanostructure prod-
ucts, the synthesis process feeds into the linear economy model of nanoscience 
and nanotechnology (i.e., energy, food, sensor, medicine, and medical-diagnostics 
(Priecel and Lopez-Sanchezl (2018) [5]. It is generally thought that the micro-
wave-assisted reaction pathways within the colloid involve both dielectric vo-
lume heating and ionic conduction within the precursors and reactants and 
possible resistive heating of the metal atoms themselves within the nucleation, 
growth, and subsequent capping stages. An understanding of these selective 
heating pathways in terms of the sixth principle of Green Chemistry (reduction 
in energy usage and an increase in energy efficiency that are recognized for en-
vironmental and economic impact) and its implementation through process in-
tensification (minimization of reactor size, conversion from batch to continuous 
flow and the utilization of microwave technology) is of growing interest and 
importance. 

In 2022 it was shown that for microwave-assisted processes operating at a 
running frequency fo = 2.45 ± 0.05 GHz (~12.2 cm), energy phase-space projec-
tion that maps the process energy budget (kJ) and energy density (kJ∙m−1) can be 
used to define the sixth principle (Law and Dowling (2022) [6]). In the following 
year (2023), the energy mapping technique was applied to historical “non-thermal” 
microwave-assisted microorganism inactivation experiments and their recon-
struction using pseudo microorganism suspension, in this case, the eco-friendly 
and benign solvent “water” (H2O) (Law and Dowling (2023) [7]). More recently 
it has been shown that using log-log coordinates, historical microwave-assisted 
synthesis of gold (Au), and silver (Ag) nanostructure data (n = 30) may be visua-
lized (Law and Dowling (2023) [8]) with the addition of fitting in a general 
power-law function (Equation (1)) where small and large events are common 
over four orders of magnitude in both x- and y-axes. 

ny cx=                             (1) 

where y is the parameter of interest, c and n are the coefficient and the exponent 
of the equation. In this case, without recourse binning or Pareto cumulative dis-
tribution function (Hanel et al. (2017) [9]), a fit of y = 0.3293x0.846 is obtained. 
The goodness of fit obtained through linear regression (R2) = 0.7923, however it 
is not used as an indicator of accuracy Figure 1. 

In 1936, J.S. Huxley and G. Teissier [10] first coined the word Allometry for 
the measuring relative growth in biological systems, since then allometric scaling 
has expanding in to the scientific of physiology and bibilometic studies (W.A. 
Calder. III (1981) [11], Stumpf and Porter (2012) [12], Dong et al. (2017) [13]).  
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Figure 1. Log-log energy phase-space projection of Au and Ag claimed Green Chemistry 
and non Green Chemistry for the axial field helical antenna system (star), TCMC systems 
(black square), turntable loaded digestion systems (black circle), and microwave oven 
(black diamond), and “non thermal” inactivation of microorganisms within microwave 
ovens (plus sign, star and open circles [8]). 

 
In all cases the exponent defines the type of scaling relationship between y and x; 
< 1 means the energy transfer increases slower (negative, or, hypoallomerty) 
than the applied process energy increase; an exponent = 1 would mean that rela-
tionship is isometry; and if the exponent > 1 then the energy transfer increase 
faster (positive, or hyperallometry) than the applied process energy increase. Thus, 
the mathematical response model (y = 0.3293x0.846, R2 = 1) implies that the energy 
transferred to the suspension volume is subcritically proportional to the process 
energy budget and is Scale Free throughout the process energy budget range 
therefore preserving some underlying invariant microwave-assisted synthesis. 

From a statistics and probability perspective the power-law signature is a 
0-dimensional (0-D) representation of the underlying microwave synthesis 
processes. However, the power-law signature encompasses different microwave 
applicators-types used (domestic microwave oven, temperature controlled mi-
crowave chemistry (TCMC) applicator, digestion applicator, and the axial field 
helical antenna applicator (Discover2), metal precursors, and synthesis chemi-
stries [8]. Therefore it is reasonable to postulate that the power-law signature 
may contain phase-transitions (PT) arising from the applicator-type and the 
mode that it is used (batch, or, continuous flow) or the way the microwave pow-
er is applied. For example, commercial Digestion applicators use proprietary 
software to vary the pulse width modulation (PWM) of the cavity-magnetron 
voltage. In practices this requires the cavity-magnetron instantaneous or conti-
nuous wave (CW, 100% duty cycle) to be applied in the temperature ramp-up 
period, and < 100% duty cycle in the temperature hold period. The lack of re-

https://doi.org/10.4236/ajac.2023.148018


V. J. Law, D. P. Dowling 
 

 

DOI: 10.4236/ajac.2023.148018 329 American Journal of Analytical Chemistry 
 

porting of ramp-up period and in the hold period power [14] [15] [16] [17] [18] 
has lead to the use of an estimated 75% of the cavity-magnetron CW rated pow-
er when calculating the process energy budget (power multiplied by process 
time) [8]. 

The uncertainty in the actual value of process energy budget raises a number 
of questions. First, are PTs present, and second are outliers’ presents in original da-
tabase. Both PT and outliers are problematic as they may be natural deviations in 
the database, or due to poor recording and reporting of experimental conditions. 

Given these questions, the aim of this work is threefold. First to identify and 
classify PTs within the original microwave-assisted synthesis database (n = 30) 
[8]. This database is now referred to as Database A. Second to apply the same 
tests to a larger database (n = 50) to establish if PTs are an artifact of sample size. 
This new database is referred to as Database B (n = 30 + 20 = 50), where the ad-
ditional data pertains to microwave-assisted synthesis of palladium (Pd) and 
platinum (Pt), and zinc oxide (ZnO) nanostructures, plus an additional micro-
wave applicator (ERTEC, Wrocław, Poland). The transition-metals Pd and Pt 
are chosen as they are in the same Group (V and VI) and electron orbital filling 
(10 and 11) as Ag and Au, hence they would be expected to have similar energy 
phase-space properties. To extend this hypothesis, Zn is chosen as it is a close 
neighbor (Group IV with 12 electrons in its d-orbital). Zinc oxide is also chosen 
as it is of great interest due to its n-type wide band gap (~3.37 eV at room tem-
perature) semiconductor property [19]. Figure 2 shows the relative d-block po-
sition and atomic number for these five transition metals within the modern Pe-
riodic Table. Third, two application are compared directly for real comparison 
purposes. The applicator is the Samsung microwave oven (CE2877) that is used 
for the synthesis of Pt [20] and Ag nanostructures [21], and the Discover2 ap-
plicator used in both batch and continuous and mode. 

The building of Database B (n = 50) follows the same procedure as Database 
A (n = 30) as set out in [8]: that is the data extracted from each new published 
paper is represented by a new data entry into an Excel spread sheet. The data in-
cludes: first author and year of publication, applicator-type, metal precursor, 
Claimed Green Chemistry, Non-Green Chemistry, calculated process energy 
budget, and process energy density. To calculate the process energy budget and  

 

 
Figure 2. d-block transition metals (Zn, Pd, Ag, Pt, and Au) relative position within the 
modern periodic table. Atomic number, Group, and d-orbital electron filling are given. 
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process energy density, each paper must provide information on the estimation 
of microwave power, microwave irradiation time, and reactant quantities. A to-
tal of thirty new publications pertaining to microwave-assisted synthesis of Pd, 
Pt, and ZnO nanostructures were investigated, of which only twenty fitted the 
criteria. The ten papers not used [22]-[31] were published between 2004 and 
2023 thus indicting that full power conditions are still not being reported. Sec-
ondary data, temperature, and working pressure were recorded. Where the pri-
mary and second data was ambiguous in the publication text, private communi-
cation with the publication authors were sought and is given in the text. In addi-
tion, on-line microwave applicator manufactures manuals are used to refine the 
information within the accepted twenty publications. 

The remainder of this work is constructed as follows. Section 2 details the 
analysis methodology used. The test results for Database A are given in Section 
3. The building of Dataset B and test results is given in Section 4. Section 5 pro-
vides an estimation of the global (average of Database, A, B and Badjusted) mi-
crowave-assisted synthesis power law. Section 6 is a summary and outlook of 
this work. To add the reader, only one of the applicators is operated in the con-
tinuous flow (Discover2) mode is heighted in the text, the remaining applicators 
are operated in the batch mode. In addition, full details of Database A may be 
found in [8]. 

2. Analysis Methodology 

It is generally regarded that classical linear regression analysis is based on the 
assumption that the dataset under investigation has a normal distribution 
(bell-shaped) where the sum of data points either side of the arithmetic mean is 
equal zero (Σ = 0). In the real-world, however, outliers distort the normal dis-
tribution, resulting in the summation of all data points either side of the arith-
metic mean not equal to zero (Σ ≠ 0) in most cases. Moreover where a dataset 
exhibits a power-law signature the distribution is non-linear (for example a Pa-
reto distribution that contains a long and flat tail), meaning that summation of 
the data points will never equate to zero. Indeed it is well documented that out-
liers distort both group variance and group arithmetic mean [9] [10] [11], and 
Andriani and McKelvey (2009) [32], particularly when attempting to verify a 
power-law over a limited magnitude range (< 2 to 2.5; in both x and y axes) due 
to either limited sample size, or the complex nature of physiological, chemical, 
and geophysics datasets. For example in the plasma etching of semiconductors it 
s known that competing reactive ion etching and decomposition processes limit 
the power-law magnitude range < 2 [33] [34]. Whereas in the field of high density 
pulse laser ablation, where energy transfer processes dominate, rather than physio-
logical and chemical processes, it is found that the propulsion velocity of tin micro-
droplets has a power-law dependency over 3 orders of magnitude with laser power 
[35]. Simulations performed with the RALEF-2D radiation-hydrodynamic code 
indicate the magnitude is possibly limited by the applied laser pulse width (10 
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nanoseconds). Lastly, bibilometric studies within the scientific fields of physics, 
mathematics and econometric have produced a scale range of 8 to 10 orders of 
magnitude [13]. Hence a linear regression analysis approach to experimental 
datasets exhibiting a power-law signature is nontrivial as complex processes 
within the dataset has the potential to influence variance, and produce an unsta-
ble arithmetic mean. 

Acknowledging this complexity, this study attempts to identify and verify de-
terministic features within the power-law signature of Database A and the en-
larged sample size of Database B. To this end Microsoft Excel spread sheet 
software is used to collate and display the datasets within a XY scatter plot, flo-
wered by fitting a linear regression power function trend-line to the data. The 
trend-line is then modeled using the Excel power function (=POWER (A1, 2, 3, 
$Y$1) * $Z$2), where A1, 2, and 3 are the cell coordinates, and the cells $Y$1 
and $Z$2 are the values of the c and n constants of Equation (1). This power 
function, straighten-out the power function into a horizontal 0-D model iden-
tity-line that represents the process energy density prediction at each process 
energy budget value (Figure 3). 

Two evaluation tests are used to detect PT and outliers from the characteris-
tics of normal objects within each database. The tests are as follows: 

1) 1-dimesitional (1-D) test is made on the disagreement, or difference, be-
tween the observed process energy density values and the 0-D model data points. 
The tests are performed on Database A, and B in high-dimensional space of a 
residual plot, where the vertical axes represent the observed difference and the 
horizontal axes represents the 0-D model identity-line. The disagreement (± 
from the identity line) is quantified using the ± 3 Sigma rule of thumb (68%, 
95%, and 99.7%) where data points close to, or beyond, the ± 3 Sigma limit are  

 

 
Figure 3. A section of the Excel spread-sheet showing a section of Database B collated microwave-assisted synthesis data for en-
ergy phase-space projection. The code at the top of figure (ringed in red) depicts the Excel =Power model. In this example the 
Difference (G minus E) columns require * −1 to obtain the correct sign. 
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classed as problematic outliers and require further examination as outliers 
strongly depends on a detailed understanding of their experimental origins, see 
Sections 3, 4, and 5. 

2) 2-demesional (2-D) non-parametric cluster analysis as described by Tynan 
et al. (2009) [36], and Law et al. (2010) [37] is used to quantify group residual 
errors. The basic assumption used here is that outliers are few in number and 
their x, y coordinate distance from a cluster is some multiples of the normal dis-
tance between data points (as measured by the metric) within a cluster. Howev-
er, in the LabVIEW Vision builder software was used to threshold the Microsoft 
Excel data points into cluster and separate out outliers using their x, y pixel 
connectivity on a graph 2-D plane. This was then followed by computing the in-
formation-based entropy of the cluster. In this work, the 2-D parametric cluster 
analysis using three metrics is performed on the Microsoft Excel data points 
presented in a high-dimensional of the residual plot, but this time the data 
points are pre-assigned into N groups (applicator-type, water-MO, NS-metal 
precursor, claimed Green Chemistry, and non-Green Chemistry). 

The information gain from these tests along with detailed knowledge of the 
PT and outliers origins is used to decide if the PT and outliers are part of the da-
ta natural variation, or are due to errors in the reporting of experiment data. In 
the latter case this problematic outliers are cleaned (filtered) to produce an ad-
justed Database B (Badjusted). The power-law signatures of Database A and B and 
Badjusted are compared and global a microwave-assisted synthesis power-law is 
calculated. 

3. Database A (n = 30) 

Figure 4 shows the residual plot for Database A. In this plot the data points are 
colored coded into five applicator-types (water-MO, NS-Discover2, NS-MO, 
NS-TCMC, and NS-digestion, MO refers to microwave oven and NS refers to 
nanostructures). Visually it is observed that the data points have a non-null, dis-
tribution around the model identity-line. For the water-MO (five open circles) 
and the NS-Discover2 that is operating in the continuous mode (one yellow cir-
cle) all exhibit a similar disagreement value from the model identity-line. Whe-
reas, the NS-MO (thirteen green diamonds) and the NS-TCMC (five blue trian-
gles) form clusters around the model identity-line, with the TCMC-102 applica-
tor [38] having the greatest negative disagreement (1440 kJ, -46.2 kJ∙ml−1). It is 
worth noting that the remaining four tightly grouped applicators are Shikoku 
Keisoku SMW-064 applicators synthesizing Ag nanostructures. Lastly the Diges-
tion applicators (six red squares) generate an open cluster with the MARS-6 ap-
plicator synthesizing Au nanostructures [18] having the greatest disagreement 
(+90.5 kJ∙ml−1) with the model identity-line. The MARS-5 applicator [14] forms 
the second greatest disagreement (+50 a kJ∙ml−1). The remaining four applicators 
(Aton Paar Multiwave, Aton Parr Pro, and two μSnth form an open cluster in 
the range of 280 to 360 kJ, +1 to +34 kJ kJ∙ml−1. 
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Figure 5 shows a residual plot of Database A, but this time color coded in to 
three groups (water-MO (five open circles), NS-Au (fourteen yellow circles) and 
NS-Ag (blue circles). The notation MO, and NS have the same meaning as in 
Figure 4. Visually it is observed that the thermal microwave-assisted processing 
of water-MO group has the same disagreement values close to the model identi-
ty-line. The NS-Au and NS-Ag synthesis groups are spread either side of the 
model identity-line with two of NS-Ag cluster having the greatest positive disa-
greement (+90.59 kJ∙ml−1) for the MARS-6 applicator, and the TCMC-102 ap-
plicator having greatest negative disagreement (−46.2 kJ∙ml−1). 

Figure 6 shows a residual plot for Database A, the data is divided into the  
 

 
Figure 4. Database A; residual error analysis for five applicator-type (water-MO, 
NS-Discover2, NS-MO, NS-TCMT, and NS-Digestion; MO refers to microwave oven and 
NS refers to nanostructures. 

 

 
Figure 5. Database A; residual error analysis for water-MO (open circles), NS-Au pre-
cursor (yellow circles) and NS-Ag precursor (blue circles). 
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following: claimed Green Chemistry (green circles) and non-Green Chemistry 
(red squares). Water is considered as a universal polar solvent that is nontoxic 
and environmentally benign is included in the Green Chemistry group. Visually 
it is observed that the non-Green Chemistry data is spread along the model in-
dentify-line up to approximately 200 kJ process energy budget, from where the 
disagreement diverges strongly to −46.2 kJ∙ml−1 kJ for the TCMC-102, and up to 
+90.5 kJ∙ml−1 for the MARS-6 applicator. 

A visual comparison of the residual error data points in Figures 4-6 suggests 
two possible PTs. The first (PT1) is between the water-MO plus Discover2 (con-
tinuous flow) groups and NS-MO applicator-type group. The second PT2 is lo-
cated between the NS-TCMC and NS-Digestion group boundaries. 

From a Sigma test point of view, Table 1, reveals twenty six of the data points 
fall within ± sigma, three within the ± 2 to ± 3 Sigma limit and one at the ± 3 Sig-
ma limit indicating that the power-law residual error has a uniform distribution 
with the problematic MARS-6 applicator outlier at the ± 3 Sigma limit. Further 
consideration of PT1 and PT2, and the problematic outlier is given in Section 4. 

4. Database B (n = 50) 

For completeness this section provides a description of the reactants, microwave  
 

 
Figure 6. Database A; residual error analysis for and claimed Green Chemistry (green 
circles) and Non-Green Chemistry (red squares). The non-thermal microwave-assisted 
dielectric heating of water (green circles with black boulder) is shown to be part of 
claimed Green Chemistry group. 

 
Table 1. Database A (n = 30) residual error sigma test (kJ∙ml−1). 

Applicator 
±Sigma ±2 Sigma ±3 Sigma 

21.770 43.540 65.310 

Data points 26 3 1 

Percentage 86.68% 9.99% 3.33% 
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power, and process time given in the incorporated eighteen publications within 
Database B. No attempt is given here to quality the quality of the nanostructure 
product outcome. 

4.1. Palladium Dataset 

Elazab et al. (2014) [39] used a unspecified microwave oven (rated at 1000 W) 
for the synthesis Pd nanoparticles supported on metal oxide (Fe3O4, Co3O4, and 
Ni(OH)2) nanoplates. Palladium nitrate was used as the Pd precursor and 
Fe(NO3)3∙9H2O, Ni(NO3)2∙6H2O, Co(NO3)2∙6H2O, as the metal oxides. To each 
suspension 600 μl of reducing agent (hydrazine hydrate) and 20 ml of deionized 
H2O water added. These suspensions were then irradiated in 60 second cycles for a 
total process time of: 7 min (PdFeOx), 5 minutes (PdCoOx), and 9 minutes 
(PdNiOx). In 2018, Elazab and Sadek (2018) [40] also used a domestic microwave 
oven to synthesis Pd nanoparticles supported on copper oxide (CuO). Rademacher 
et al. (2020 [41] used a CEM Discover2 applicator for synthesis of Pd nanoparticles 
supported on a 2,6-dicyanopyridine-covalent triazine framework (DCP-CTF). The 
reactants consisted of 94 µml of Pt acetylacetonate, Pd (acac)2, 20 mg of DCP-CTF 
and 2 g of 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide. This 
mixture was then microwave irradiated for 20 minutes at 100 W (250˚C). See 
Section 4 for process energy budget comparison with Au nano-rod synthesis in 
the Discover2 applicator operating in the continuous flow mode [8] and [42]. 

4.2. Platinum Dataset 

Li and Komarneni et al. (2006) [43] reported the use of MARS-5 (rated at 1200 
W) for the synthesis of Pt nanoparticles and nano-rods. Dihydrogen hexachlo-
roplatinate (IV) was used as the metal precursor, dissolved in 9 ml of methanol 
and 1 ml distilled H2O, to which the reducing agent polyvinylpyrrolidone (PVP) 
was added. The MARS-5 software was used to ramp-up and hold the microwave 
power to achieve the following synthesis conditions irradiation of 60 minutes at 
190˚C and 200 psi (13.75 bar). With the unavailability of the actual power sup-
plied to the reactants, a value of 900 W (75% of 1200 W) is used to estimate the 
process energy budget [8]. Kundu et al. (2011) [44] used an unspecified domestic 
microwave oven to synthesis Pt-graphene hybrid nanostructures. The reactants used 
were 5 mg of grapheme oxide dissolved in 20 ml of ethylene glycol (C2H4(OH)2) fol-
lowed by the addition of 2 mg of Platinum chloride (H2PtCl6∙3H2O). The sus-
pension was the microwave irradiated at 800 W heating for four cycles of 50 
second on-period and 10 seconds off-period which equate to irradiation time of 
200 seconds. Wojnicki et al. (2021) [45] used the ERTEC (rated at 600 W) to 
synthesis Pt nanoparticles. A process suspension of 20 ml made up from the pla-
tinum precursor H2PtCl6 salt dissolved in H2O and the reducing agent 
tri-sodium citrate salt dissolved in deionized H2O. The synthesis conditions used 
was 600 W cavity-magnetron power that was pulse width modulated into three 
periods (360, 60 and 60 seconds) to give a total process time of approximately 
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500 seconds at maximum 225˚C and maximum modulated pressure between 45 
and 50 bar. Pal et al. (2014) [20] used a Samsung CE2877 (rated at 850 W) do-
mestic microwave oven to synthesis Pt nanoparticles. The reactants used where: 
Aqueous H2PtCl6∙3H2O mixed with 2 ml of glucose (C6H12O6), and 0.1 ml of 
PVP, all mixed in a 50 ml Pyrex flask. The suspension was irradiated at 53% duty 
cycle, or 450 W for a total of 180 seconds using 30 second irradiation install-
ments to prevent of pressure within the flask. For comparison Pal et al. (2014) 
[21] used the same microwave oven for synthesis of Ag nanoparticles (see Fig-
ure 8, and associated text). In this case, 10 ml of AgNO3 and 1 ml of Bens-
zo-18-crown-6 reducing and stable agent were irradiated at 35% duty cycle, or 
300 W for a total of 180 seconds using 30 second irradiation installments. 

4.3. ZnO Dataset 

Cao et al. (2004) [46] used a LG-MS207T (rated at 700 W) domestic microwave 
oven for the synthesis of flower-like ZnO nonosheets. The syntheses used a pre-
set 30% duty cycle (210 W) for a process time of 10 minutes with a stated duty 
cycle of “on for 5 mins, off for 30 s”. Li et al. (2011) [47] used a domestic micro-
wave oven (type unspecified, but rated at 500 W) combined with discontinues 
ultrasonic treatment for a process time of 30 minutes to synthesis Zn na-
no-flower structures. The stating materials used where zinc acetate hydrate 
(Zn(CH3COO)2∙2H2O) dissolved in 40 ml sodium hydroxide (NaH) aqueous so-
lution. A scanning electron microscope (SEM) was used to conform and charac-
terize the nano-flower structures. Cao et al. (2011) [48] used a Galanz (rated at 
850 W) domestic microwave oven to synthesis nano-flowers structures. The 
synthesis used 6 g of zinc nitrate (Zn(NO3)2∙6H2O)) dissolved in 2 ml of distilled 
H2O, and urea (C2H5NO2) at three different molar ratios (1:1, 5:1, and 3:1). A 
number of these suspensions where further mixed in zinc nitrate stock solution 
to form a paste. Optimal synthesis conditions (minimal aggregation) were esti-
mated occur at a preset 40% duty cycle (340 W) for a few minutes when a 
urea/Zn2+ molar ratio of 1:1 was used. Using these reported conditions it is rea-
sonable to assume that approximately 10 ml of suspension was used with irra-
diated time of 10 minutes. Li et al. (2014) [49] used a TCMC system (MAS-II, 
shanghai Xinyi Ltd) containing a mixture of Zn(NO3)2∙6H2O and hexamethyle-
netetramine ((CH2)6N4) dissolved in 50 ml of distilled H2O plus 2 ml of aqueous 
ammonia (NH3∙H2O). This suspension was then microwave irradiated at 300 W 
for a process time of 10 minutes. By 2015, Hasanpoor et al. [50] used a 
LG-MS1040SM (rated at 850 W) domestic microwave oven to synthesis ZnO 
nano-flowers structures with a controlled morphology. The microwave synthesis 
used a suspension of Zn nitrate hydrate (Zn(NO3)2∙6H2O) and NH3∙H2O dis-
solved in 100 ml of H2O. Two separates suspensions (labeled: A1 and A2) were 
microwave irradiated at 510 and 680 W for a fixed process time of 15 and 10 
minutes, respectively. After washing and drying their reaction products, SEM 
imaging revealed that the lower power setting (sample A1) produced nano-rods, 
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while the higher power setting (sample A2) produces nano-flower structures. In 
2016, Krishnapriya et al. [51] used an Anton Paar microwave Pro applicator 
(rated at 900 W) that contained 8 to 48 reactions vessels on the turntable). The 
starting material comprised a 1:1 volume ratio of Zn(CH3COO)2∙2H2O and am-
monium hydroxide dissolved in an unspecified amount of doubled distilled H2O 
to synthesis ZnO jasmine-flower-like structures. A fixed microwave irradiation 
mode of 300 W (software controlled 2 minute ramp-up time and a 2 minutes 
hold time for a target temperature of 70˚C was found to provide optimum syn-
thesis conditions. Using the knowledge of the Anon Paar Multiwave applicator 
[17] [51], a 6 ml aliquot is used to estimate the process energy density. In 2018, 
Wojnarowicz et al. [52] reported on the microwave-assisted cobalt (Co) doping 
of ZnO nanostructures (Zn1−xCoxO) using the ERTEC microwave applicator. 
The metal precursors used were: Zn(CH3COO)2∙2H2O and cobalt acetate 
(Co(CH3COO)2∙4H2O) powders dissolved in 450 ml of C2H4(OH)2, that was then 
dived into 75 ml aliquots for synthesis. The synthesis conditions used a preset 
100% duty cycle (600 W) for a process time of 25 minutes at 190˚C and ap-
proximately 4 bar operating pressure [53]. Liu et al. (2019) [54] synthesized Ag 
decorated Zn nano-flower composite using an unspecified domestic microwave 
oven. The reactants comprised Zn(CH3COO)2∙2H2O and sodium peroxide 
(Na2O2) dissolved in 50 ml of distilled H2O. During the microwave irradiation an 
unspecified amount of AgNO3 in C2H4(OH)2 was added. The microwave synthe-
sis was carried at 400 W for 5 minutes. Aljaafari et al. (2020) [55] used an 
un-specified Samsung (rated at 750 W) domestic microwave oven containing 
Zn(CH3COO)2∙2H2O and potassium hydroxide (KOH) dissolved in 100 ml of 
distilled H2O for the synthesis of ZnO flower-like nano-rod structures. The syn-
thesis used a preset 25% duty cycle (180 W) for a process time of 20 minutes. Last-
ly, Cai and Hung (2023) [56] synthesized flower-like ZnO structures in a domestic 
microwave oven (Galanz P7ODIOP-TE, cavity-magnetron rated CW power not 
given). The reaction products were: ZnCl2 dissolved in 200 ml of H2O plus 30 ml 
of NH3∙H2O, and the ammonia water was added. Using a preset 340 W and brack-
eted irradiation time experiments, it was observed that ZnO flower-like structure 
product approached completion after 10 minutes of irradiation. 

Following on from the Database A residual error analysis, the residual error 
analysis within Database B is explored for; applicator-type Figure 7; water-MO 
and metal precursor Figure 8; and claimed Green Chemistry and non-Green 
Chemistry Figure 9. Here it is impotent to the residual error values have 
changed due to the new 0-B model identity-line. 

Figure 7 shows the applicator-type analysis using six colored coded groups 
(water MO, NS-discover 2, NS-MO, NS-TCMT, NS-ERTEC, and NS-Digestion), 
and where MO refers to microwave oven and NS refers to nanostructures. Vi-
sually it is observed that the data points follow the non-null distribution around 
the model identity-line. As there are no additional water-MO (open circles) data 
points the distribution closely resembles Database A. The NS-Discover2 group  
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Figure 7. Database B; residual error analysis for applicator-type (water-MO, NS-Discover2, 
NS-MO, NS-TCMT, NS-ERTEC, and NS-Digestion. The abbreviations: MO, NS, and PT2 
refer to microwave oven, nanostructures, and possible second phase transition, respec-
tively. 

 
(yellow circles) has one new data point positioned at 120 kJ, −5351 kJ∙ml−1 that is 
operating in the batch mode rather than the continuous mode [42]. The NS-MO 
group (green diamonds) has been enlarged by thirteen resulting in an enlarge-
ment of cluster around the identity-line. The NS-TCMC group (blue triangles) 
has also been enlarged by one and ranges in positioned at 900 kJ, +0.3 to −15 
kJ∙ml−1. Of note, is the TCMC-102 applicator [47] that has the largest process 
energy budget (1440 kJ) and the most negative residual error (−32.5 kJ∙ml−1). 
The new NS-ERTEC applicator [45] [52] group is positioned in the region of 300 
to 900 kJ, −10.381 kJ∙ml−1. Lastly the NS-Digestion applicator group (red 
squares) has been increased by two [43] [51] to maintain an open cluster with an 
MARS-5 digestion applicator [43] providing the greatest positive disagreement 
(+245.5 kJ∙ml−1). 

Although the microwave applicator-type residual error plot as presented in 
Figure 7 is a valid representation of the difference from the model identity-line, 
an alternative mapping operation is to rank the applicator-type difference by 
magnitude and sign to their numerical value within the database [13]. In general 
the main advantage of this representation is that outliers are always delineated at 
the two extremes and therefore easily identified. However the main disadvantage 
of this representation is that PTs are smothered out due to the sequential rank-
ing operation. Figure 8 shows this mapping operation using the same color 
coding as in Figure 7. Using this representation the 50 data point form a slow 
sign curve along the model identity-line, with the negative magnitudes to the left 
hand side and the positive magnitudes to the right hand side. The notable fea-
ture of note are that the NS-TCMC applicator group is spread out to the left, the 
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NS-Digestion applicator group is spread to the right and the water-MO applica-
tor group positioned in the middle. The two data points of the NS-ERTEC group 
are spread away from each other. 

Turning to the NS-MO group, this group is not contaminated, positioned in 
the middle of the ranked data and close to model identity-line. Again with water 
being a universal polar solvent, and considered as nontoxic and environmental-
ly, it is included in the Green Chemistry group. With this unique position, the 
water-MO group can used a reference point within the dataset. 

Figure 9 shows the water-MO and metal NS precursor analysis using six  
 

 
Figure 8. Database B; applicator-type ranked according to their difference from the model 
identity-line. water-MO (open circles), NS-Discover2 (yellow circles), NS-MO (green cir-
cles), NS-TCMT (blue circles), NS-ERTEC (black circles, and NS-Digestion (red circles). 

 

 
Figure 9. Database B; residual error analysis for water and NP metals. The abbreviations: 
PT2 refer to possible second phase transitions; Pal-Pt and Pal-AG refers the Samsung 
CE2877 microwave oven synthesis of Pt and Ag, respectively. 
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colored coded groups (water, Au, Ag, Pd, Pt, and ZnO). The MO and NS nota-
tion has the same meaning as before. Visually the data has the same non-null 
distribution as Figure 7, but with a change in individual color according to their 
new grouping. Again the non-thermal microwave-assisted dielectric heating of 
water group (open circles) has no additional data, therefore acts as reference 
group. The Ag precursor group (blue circles) are now revealed to range from a 
microwave oven applicator (5.4 kJ, +2 kJ∙ml−1) to the TCMC-102 (1440 kJ, −33.3 
kJ∙ml−1), and on to a MARS-5 digestion applicator (3330 kJ, +78.3 kJ∙ml−1). The 
Au precursor group (yellow circles) ranges from the Discover2 applicator (3.2 kJ, 
+0.527 kJ∙ml−1) to the MARS-6 applicator (1440 kJ, +103.4 kJ∙ml−1). The Pd pre-
cursors (green diamond) range between a microwave oven applicator (7.5 kJ, 
−0.215 kJ∙ml−1), to a microwave oven (540 kJ, +17.3 kJ∙ml−1). The Pt precursors 
(black diamond) range from a microwave oven (81 kJ, +2.8 kJ∙ml−1) to an 
ERTEC applicator (300 kJ, +3.3 kJ∙ml−1). Finally, the ZnO precursors (red 
squares) range from a microwave oven (120 kJ, −3.5 kJ∙ml−1) to an ERTEC ap-
plicator (900 kJ, −33.3 kJ∙ml−1). 

Now consider the comparison of the Samsung CE2877 microwave oven 
claimed Green Chemistry synthesis of Pt [20] and non-Green Chemistry synthe-
sis of Ag [21] nanostructures. These metals are annotated as Pal-Pt (black di-
amond) and (Pal-Ag (blue circle) in Figure 8. In terms of process energy budget 
Pt uses 81 kJ, as compared to 5.4 kJ for Ag, however the residual error are close 
to 2 kJ∙ml−1 of the model identity-line, therefore having similar energy transfer 
efficiencies. 

Further consider the two Discover2 applicators, one operating in the conti-
nuous flow mode [42] and one operating in batch mode [41]. The continuous 
flow mode applicator is efficient according to the 0-D model with +0.5 kJ∙ml−1, 
whilst the batch mode applicator is less efficient −4.9 kJ∙ml−1. Here the efficiency 
is due to the low applied power (36 W) and short residence time of 1.5 minutes 
used in the continuous flow mode. 

Figure 10 shows the claimed Green Chemistry (green circles) and non-Green 
Chemistry (red squares). Again, the universal polar solvent and nontoxic and 
environmentally benign properties of water, allows the non-thermal micro-
wave-assisted dielectric heating of water data is included in the claimed Green 
Chemistry group. Visually the data has the same non-null distribution as Figure 
7 and Figure 8, but with a change in individual color code according to their 
new grouping. Given this adjustment the claimed Green Chemistry group 
process energy budget ranges from 0.291 to 900 kJ, with a residual error ranging 
between −33 to +25.9 kJ∙ml−1. The non-Green Chemistry group however has a 
higher process energy budget. For example: The MARS-5 that uses polyvinyl-
pyrrolidone (PVP) with the either methanol or ethanol has process energy value 
some 3.2 MJ, the MARS-6 that uses NaBH4 has a process energy budget of 3.3 
MJ, and the MARS-5 that uses Na2SnO3 has a process energy budget of 3.3 MJ. 

A visual comparison of the residual error data in Figures 7-10 indicate that 
the possible presence of PT1 diminishes with increased sample size. However, 
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the possible PT2 is still observed between the NS-TCMC and the NS-Digestion 
group boundaries. In addition the Sigma test Table 2 reveals that the power-law 
residual error still has a uniform distribution (non-bell shaped) with forty seven 
(94%) data points within ± sigma, two (4%) within the ± 2 to ± 3 Sigma and one 
(2%) at the ± 3 Sigma limit. Moreover the problematic MARS-5 applicator data 
becomes located between +2 and +3 sigma limits therefore losing its problematic 
outlier candidacy. This candidacy is now taken over by the new MARS-6 appli-
cator [18]. 

5. 2-D Cluster Analysis of Applicator Group 

Euclidean and Manhattan distance function are two of the commonly used me-
tric to define a cluster of data points and identify problematic outlier [57] [58] 
and [59]. In this section a simple method of cluster analysis is proposed that uses 
the Excel spread sheet format (row and columns) populated by data points, and 
where formula functions (=SUM (MAX, MIN, AVERAGE, and STDEV)) are 
used to calculate the following three cluster metrics; 

1) Energy area (kJ × kJ∙ml−1 = kJ2∙ml−1) 
 

 
Figure 10. Database B; residual error analysis of water-MO, claimed Green Chemistry, 
and non-Green Chemistry. The non-thermal microwave-assisted dielectric heating of 
water data (green circles with black outline) is shown to be part of claimed Green Chemi-
stry group. 

 
Table 2. Database B (n = 50) residual error sigma test (kJ⋅ml−1). 

Applicator 
±Sigma ±2 Sigma ±3 Sigma 

40.487 80.961 121.441 

Data points 47 2 1 

Percentage 94% 4% 2% 
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2) Group (N) density (energy area divided by the number data points, n) 
3) Group (N) x, y arithmetic mean 
As PT1 has been shown to diminish with sample size, only Database B is ex-

plored for problematic outliers using the three cluster metrics. Figure 11 shows 
the results of three cluster metrics as applied to the Database B residual error 
plot. The six semi-transparent (60%) color areas (clear, yellow, green, blue black 
and red are the applicator type) represent the respective applicator-type group 
energy areas and the bold plus signs denote the arithmetic mean of each group 
area. Also shown is the +3 sigma line and region of possible PT2. The metrics 
numeric values are given are given in Table 3. 

The first feature of note within Figure 11, as with Figure 7, Figure 8, and 
Figure 10, is the water-MO group separated from the other 5 applicator-type 
groups along the model identity-line. The second feature of note is that the data 
point falls within ± sigma. Now consider the new NS-ERTEC applicator area 
and arithmetic mean data, both of which contaminate the NS-TCMC applicator 
group and the NS-Digestion application group in the 300 to 900 kJ range. This 
mixing of datasets and the possible PT2 location where the NS-Digestion appli-
cator group exhibits a marked increase in residual error suggest two scenarios. 
First the underlying energy transfers mechanism (first-order to second-order 
reaction kinetics) is changing between applicator-types, or, poor reporting of the 
real Digestion applicator energy profile that is due to a lack of knowledge of how 
the preparatory software controls the Digestion applicator cavity-magnetron. 

Now consider the NS-Digestion applicator-type group that contains the  
 

 
Figure 11. Database B; residual error parametric cluster analysis of the original six ap-
plicator groups. water-MO (green circles with black outline), NS-Discover2 (yellow cir-
cle), NS-MO (green triangles), NS-TCMC (blue triangles), and NS-Digestion (red 
squares). The bold plus signs represent their mean x, y coordinate. The bold cross sign 
represents mean x, y coordinate of adjusted NS-Digestion group within the darker red 
represents the adjusted energy area. 
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problematic MARS-5 applicator. Before adjustment the group has a area density 
of 101,485.5 kJ2∙ml−1 per data point, when the group is adjusted by removing the 
problematic MARS-5 applicator data point, the area deceases by factor 2.15 to 
47,178.9 kJ2∙ml−1 per data point. The corresponding arithmetic mean also moves 
from x = 1172.1 kJ, y = +66.1 kJ∙ml−1 to x = 876.1 kJ, y = +36.4 kJ∙ml−1. In this 
cleaning/filtering process, the filtered MARS-5 applicator now has a notional 
area density of 481,636.6 kJ2∙ml−1 per data point, an increase in area of ten times 
per data point. 

6. Allometric Scaling 

Assuming that the microwave-assisted synthesis power-laws are Scale Free, an 
estimation of allometric scaling is now performed Table 4. In this table, the av-
erage of the three databases are computed and yield an allomteric scaling of 
0.7172 ± 0.3214 kJ∙ml−1 at x = 0.001 kJ, and exponent = 0.791 ± 0.055, or ap-
proximately 3/4. This computed average value for the exponent has a hypoallo-
metric trait that falls within close to the bibliometric scaling laws for scientific 
fields (0.87 to 1.01 [13] and within reported physiological (relative body mass)  

 
Table 3. Database B; parametric cluster analysis of applicator-type groups. 

Applicator 
group 

Number of 
data points 

(n) 

Energy area 
(kJ2∙ml−1) 

Cluster 
density 

(kJ2∙ml−1/n) 

Mean x 
coordinate 

(kJ) 

Mean y 
coordinate 
(kJ2∙ml−1) 

Water-MO 5 0.0467 0.009 1.1 −51.6 

Discover2 2 169.0 84.5 61.6 −2.4 

NS-MO 27 19,181.7 710.4 133.2 2.3 

NS-TCMC 6 50,194.8 8365.8 499.0 −8.3 

NS-ERTEC 2 24,649.9 12,324.9 600.0 −6.3 

NS-Digestion 8 811,884.2 101,485.5 1172.1 63.1 

Adjusted NS-Digestion group 

NS-Digestion 7 330,250.1 47,178.9 876.1 36.4 

Cleaned or filter applicator 

NS-Digestion 1 14.9 481,636.6 3240.0 250.1 

 
Table 4. Estimated allometric scaling of microwave-assisted synthesis of Pd, Ag, Pt, Au, 
and ZnO nanostructures. 

Database Power-law 

Database A (n = 30) y = 0.3293x0.846 

Database B (n = 50) y = 0.7837x0.764 

Database Badjusted (n = 49) y = 1.0386x0.764 

Average of the three databases y = 0.7172 ± 0.3214x0.791±0.055 
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scaling laws (0.7 to 0.92 [10] [11]). 

7. Summary and Outlook 

This paper is the second in the series of microwave-assisted synthesis power-law 
signature studies over 4 order of magnitude relating to process energy budget 
(kJ) relationship and energy density (kJ∙ml−1). Two historical databases are in-
vestigated, Database A (n = 30) relating Au and Ag nanostructure synthesis [8], 
Database B (n = 50) containing n = 20 new datasets relating Pd, Pt and ZnO 
nanostructures. Microsoft Excel Linear regression analysis is applied to Data-
base A and B to generate power-law 0-D model (y = cxn) to provide a horizontal 
0-D model identity-line from which the residual error (measured in ± kJ⋅ml−1) is 
obtained. The residual error is explored in null and rank plot format as a func-
tion six microwave applicator–types (domestic microwave oven, TCMC oven, 
Digester, axial field helical antenna (disover2, and ERTEC). In addition residual 
error analysis is performed on the five metal precursors, along with their claimed 
Green Chemistry and non-Green Chemistry. 

The findings of this study are summed as follows: 
1) The original Au and Ag database (n = 30) [8] and new database containing 

Pd, Pt and ZnO (n = 50) and (adjusted Database (n = 49) yield a global micro-
wave-assisted synthesis 0-D model over four order of magnitude with constants 
of c = 0.7172 ± 0.3214 kJ∙ml−1 at x-axes = 0.001 kJ, with an exponent = 0.791 ± 
0.055, approximately 3/4. 

2) It is noted the constant c within the 0-D model is a mathematical construct 
that does not exist in reality due to the warm-up time of the cavity-magnetron 
(approximately 3 seconds [7]). Thus for a cavity-magnetron rated at 800 W op-
erating in CW mode, the estimated process energy budget lower limit (xmin) 
equates to 800 multiplied by 3 = 2.4 kJ. This is an important observation when 
allometric scaling principles are employed as c has generally been ill defined [10] 
[11] [12] and [13]. 

3) Phase-transitions are observed to be reduced with sample number (30 to 
50) to leave one permanent PT2 that is aligned to excess positive process energy 
density residual error valves associated with the Digestion applicator-type group. 
This group of applicator have inbuilt software to control temperature and pres-
sure targets. But their operation has lead to poor reporting of the applied power 
and energy profile over process time, from which it is thought an error in the in-
itial energy calculation, carries though to the observed residual error. The high 
positive residual error values associated with the loaded turntable and its sealed 
reaction vessels where cumulated heat produces a second-order effect. 

4) Statistical analysis and cluster analysis is used to detect outliers. This 
knowledge is used with a detailed understanding of the outlier origins, to direct 
cleaning/filtering of the problematic outliers from the database. 

5) A comparison of Claimed Green Chemistry and non-Green Chemistry has 
been performed, and found that Claimed Green Chemistry process (which here 
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includes the non-thermal microwave-assisted dielectric heating of water) have a 
generally greatly reduced process energy budgets. The non-Green Chemistry 
synthesis has a higher process energy budget ranging from 3.2 kJ to 3.3 MJ. 

The statistical analyses and parametric cluster analyses performed on the his-
torical microwave-assisted database provides a new outlook in the field of mi-
crowave-assisted synthesis of transition metal-nanostructures. This work gives 
researchers a wider and better understanding of the energy process involved, all 
of which are hidden within the historical published microwave-assisted synthesis 
records. The use of a power-law signature calibration allows researchers to 
scale-out working microwave-assisted processes with focus on process intensifi-
cation; i.e., choosing a microwave applicator with one cavity-magnetron rather 
than two cavity-magnetrons, or by reducing the applicator size; thereby reducing 
energy use and increasing energy efficiency. The power-law signature also allows 
new synthesis to be developed with the six principle of Green Chemistry em-
bedded at the start of the design process. In addition, with focus on the under-
standing and reporting of the process energy profile (not just temperature and 
pressure targets) when using software controlled microwave applicators. Finally 
in relation to process intensification, only one of the 50 microwave applicators 
mentioned in this study is operated in the continuous mode. Clearly more atten-
tion to continuous flow mode syntheses is required. 
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