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Abstract 
Microwave irradiation is considered an important approach to Green Chemi-
stry, because of its ability to rapidly increase the internal temperature of po-
lar-organic compounds that lead to synthesis times of minutes rather than 
hours when compared to conventional thermal heating. This works describes 
a dual allometry test for the discrimination between the solvents and reagents 
used in the microwave-assisted synthesis of transition metal (zinc oxide, pal-
ladium silver, platinum, and gold) nanostructures. The test is performed in 
log-log process energy phase-space projection, where the synthesis data (kJ 
against kJ∙mol−1) has a power-law signature. The test is shown to discriminate 
between recommended Green Chemistry, problematic Green Chemistry, and 
Green Chemistry hazardous solvents. Typically, recommended Green chemi-
stry exhibits a broad y-axes distribution within an upper exponent = 1 and 
lower exponent = 0.5. Problematic Green Chemistry exhibits a y-axes nar-
rower distribution with an upper exponent = 0.94 and lower exponent = 0.64. 
Non-Green Chemistry hazardous data exhibits a further narrowing of the 
y-axes distribution within upper exponent = 0.87 and lower exponent = 0.66. 
In all three cases, the y-axes is aligned to original database power-law signa-
ture. It is also shown that in the x-axes direction (process energy budget) the 
grouped order of magnitude decreases from four orders for recommended 
Green Chemistry solvent and reagent data, through two orders for non-Green 
Chemistry hazardous material and down to one order for problematic Green 
Chemistry.  
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1. Introduction 

The efficient use of the Earth’s resources and production of less environmentally 
toxic waste has become codified in to the current twelve principles of Green Che-
mistry (Anastas and Eghbali 2010) [1]. In the case of microwave synthesis of metal 
nanostructures, organic polar and non-polar solvents, reagents, plant extract 
and bacteria extracts are becoming the Green Chemistry solvents and reagents of 
choice (Bharadwaj et al. 2021) [2], Joudeh and Linke (2022) [3], and Grewal et 
al. (2013) [4]. The twelve principles of this Green approach may be summarized 
as: 1) To prevent waste, rather than clean it up. Producing any material without 
realizable value can be regarded as waste. 2) Atom economy, that is the maximiz-
ing the use of material in the final targeted product. 3) Use environmental be-
nign solvents, and generate less hazardous/toxic chemicals. 4) The use of solvents 
should be based on process safety, worker safety, environmental safety, and sus-
tainability. 5) Chemical products should be designed for desired function while 
minimizing toxicity. 6) Design energy efficiency processes by exploiting every kJ 
of energy. 7) Use raw material rather than depleting whenever practicable. 8) 
Remove unnecessary derivatization, such as temporary blocking, capping, or 
modification should be avoided if possible. 9) Use catalytic reagents rather than 
stoichiometric reagents. 10) Chemical products should be designed so that at the 
end of their function they should be easily broken down without causing any 
danger to the environment. 11) Development of green analytical procedures for 
off-line and on-line process monitoring and control with the aim of producing 
less waste. 12) Design chemical processes using risking assessment to identify 
hazards, then design-out, or minimize hazards and accidents. The advantage of 
using microwave irradiation is that it selectively heats the reactant suspension as 
compared to thermal heating where the reaction vessel and surrounding apparatus 
is heated. Thereby reducing energy consumption, process time along with an in-
crease in product yield. Although limited to a few grams in batch processing 
scaling-out through process intensification (minimization of reactor size, con-
version from batch to continuous flow and appropriate solvent choice) is of grow-
ing interest and importance. The premise of this work is that the Green approach 
embodied within microwave synthesis is not based solely on its rapid proces- 
sing time, but also on the chemicals used in the synthesis, or all twelve prin-
ciples. 

Recently historical data pertaining to microwave oven (operated in the batch 
processing mode) inactivation of bacteria or virus on different-fomites as been 
studied (Law and Denis (2022) [5]), and experimental reconstruction of their non- 
thermal microwave induced ≥ 4log10 reduction in inactivation has been shown to 
be influenced by the experiential method and measurement (Law and Denis 
(2023) [6]). In these papers, a log-linear energy phase-space projection was used; 
where the process energy budget (cavity-magnetron power multiplied by process 
time (J∙s−1 × s = kJ) is plotted on the x-axes and the process energy density 
(process energy budget divided by suspension volume, measured in ml, (kJ∙mol−1). 
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Using the same energy phase-space projection technique, but using a log-log 
transformation of both x-axes and y-axes, historical microwave-assisted synthe-
sis of transition metal nanostructures (monometallic, bimetallic structures, and 
metal decorated sheets) has also been examined: for silver (Ag), and gold (Au) 
(Law and Denis (2023) [7]), and for palladium (Pd), Ag, platinum (Pt), Au, and 
zinc oxide (ZnO) (Law and Denis (2023) [8]). Typically the synthesis operated 
within a multimode cavity the microwave power source operated at a free run-
ning frequency of fo = 2.45 ± 0.05 GHz (free wavelength, λ ~ 12.2 cm). 

In the case of the reconstruction experiments of non-thermal microwave-assisted 
inactivation of bacteria and virus revealed that microorganism resilience to mi-
crowave stress maps to iso-volume trend-lines, where the microorganism resi-
lience increased from vegetative Gram-negative to vegetative Gram-positive and 
on to Gram-positive spores. MS2 and influenza viruses were also found to have 
an intermediate resilience dependency. Here the high dimensional-space of the 
process energy phase-space projection makes this information readily available. 
In addition, the dimensional-space reveals that both the original experimental 
and measurements techniques should be reconsidered as the cavity-magnetron 
duty-cycle conditions used significant influence the applied power measurement 
error within the microwave treatment time frame, typically 1 to 1.5 minutes [6]. 
Finally, combining the outcome for the Ag and Au (here referred to as Database 
A, n = 30) study [7], and the Pd, Ag, Pt, Au, ZnO (here referred to Database B, n 
= 50) study [8] a global power-law signature (y = 0.7172x0.791, or an approximate 
3/4 fraction is obtained. Using a log-linear plot of the linear regression residual 
data 3-sigma and non-parametric cluster, the power-law was verified over four 
orders of magnitude with outliers identified and associated with a microwave 
Digestion application-type and a phase-transition between microwave oven-type 
and microwave Digestion applicator-type. With regard to the physiochemical 
and microwave-assisted aspects of the power signature this still remains to be 
identified. In-line with the twelve principle of Green Chemistry, there is a need 
for an off-line non-linear test that is sensitive to Green chemistry solvents and 
reactants analytical test. Ideally applying a non-linear analytical test to historical 
microwave-assisted synthesis high-dimensional data within standard spread-sheet 
software will enable future waste products to be reduced. 

It is the aim of this work to apply allometry (Greek: alloios meaning different 
and metry meaning to measure [9] [10]) to the microwave-assisted power-law 
signature generated within the energy phase-space projection, with focus on the 
individual transition metal (Pd, Ag, Pt, Au and ZnO) synthesis chemistries within 
Database B, n = 50. In this dataset forty-nine microwave applicators operate in 
the batch mode and one operates in the continuous-flow mode. The microwave 
applicators are: the domestic microwave oven, microwave ERTEC: model 02-02 
(Wrocław-Poland) applicator, Temperature Controlled Microwave Chemistry 
(TCMC) applicators, and Digestion applicators. 

Allometry analysis tools are established in the scientific field of biology, ento-
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mology, and forestry and to our knowledge is not acknowledged as a metric in 
microwave-assisted processing analysis tool. In addition an allometry word search 
in the Scientific Research Publishing (https://www.scirp.org/journal/ajac/) did 
not find a hit in American journal analytical chemistry. Therefore section 2 pro-
vides a summary of allometry scaling terminology used in relative growth rate 
(RGR) studies, forestry studies and pharmacokinetics where a non-linear func-
tion is fitted to a non-linear distribution. Section 3 then describes how this me-
tric may be transferred to microwave-assisted synthesis power-law signature that 
has a non-linear distribution when plotted in energy phase-space projection. The 
aim of these two sections is also to inspire readers of American Journal of ana-
lytical chemistry to use this analytical tool in new endeavors. 

The remainder of this work is organized as follows. Section 4 presents the 
analytical approached used, including the reasons for employing non-thermal 
microwave-dielectric volume heating of water (H2O) as a benchmark compari-
son. Section 5 examines the energy mapping parameters of each nanostructure 
data point as a response to the sum of mechanisms involved in the microwave- 
assisted synthesis. For example the third principle of Green Chemistry indicates 
that flammable and toxic regents and organic-metals (bromine (Br), potassium 
(K), and sodium (Na)) should be replaced with compounds that are benign to 
the environment. In the case of the seventh principle the use of raw material 
such as plant extract is the choice of use. Section 6 provides a summary and an 
outlook of this work. 

2. Allometry, Geometry and the Quarter-Power Scaling Rule 

In 1936, the biologist J.S. Huxley and the mathematician G. Teissier [9] [10] 
came together to coin the word “allometry” to unify confusing terminologies 
used when fitting an mathematical expression to physical support, RGR, and 
metabolic rate data accumulated from plants and animals (J. Gayon (2000) [11]). 
See for example; mammal bone weight to bone cross-sectional area scaling (G. 
Galilei (1638) [12]); growth and form (D.W. Thompson (1917) [13], heterogonic 
growth (A. Pézard (1918) [14]); relative growth (J.S. Huxley (1924) [15]); and 
dicharmonic growth (C. Champy (1924) [16]). In many of the early homoio-
thermrs (warm-blooded) mammal studies, the scaling exponent was considered 
to be governed by the surface-area-to-volume (sa/vol) measured in units of r−1, 
where r is the radius of a sphere that represents the mammal body. This Eucli-
dean geometry model has a two dimensional surface area (sa) and a three di-
mensional internal volume (vol) that equals to the fraction 2/3. In this body of 
work it is assumed that a two-variable power-law function can be fitted to the 
accumulated data when plotted on log-log graph format. Huxley and Teissier’s 
two variable power-law takes on the form of Equation (1). 

y bxα=                            (1) 

where: y is the differently growing body part of interest, x is the body size, b is 
y-axes intercept constant, and a is the exponent that defines the type of scaling 
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relationship between y and x. It is noted, that when a < 1 this will relate to a slow 
rate of growth (negative, or, hypoallomerty); an exponent = 1 would mean that 
the relationship is linear (or isometry); and if the exponent > 1 the growth rate is 
rapid (positive, or hyperallometry), as befits the early growth repose curve. [N.B. 
for non physiology studies (bibliometric and city size) it is postulated that an 
exponent > 1 is the result of a positive feedback mechanism between input and 
outputs, Dong (2017) [17]. The simple Euclidean geometry argument however 
does not address the fact that at the unicellular level (0.5 to 10 micrometers) 
plants and animals have a flexible membrane or cytoskeleton that can change 
shape (typically into a prolate cylinder, or rod) as that additional cylinder grows 
in axial length (L). As the spheroid elongates in one axis, the cylinder curved 
surface area (S = 2πrL) and cylinder volume (V = πr2L,) alters the cells mor-
phology, and changes the cell sa/vol. For example a prolate cylinder of L = r, L = 
2r and L = 3r the sa/vol becomes: 0.5, 0.48 and 0.61, respectively. Thus as an or-
ganism grows its volume increases at a faster rate than the outer membrane 
energy exchange surface. This argument also extends to the nanometer scale. For 
cube and pyramid structures, which have 6 and 8 linear edges respectively, sa/vol 
increases from 1.2 and 1.94. For flower-like structures that have acute angled 
spikes, sa/vol becomes very large for a given volume when compared to a solid 
sphere. 

Biologist have found it useful to subdivide allometry scaling into a three re-
lated x and y relationships or, modes: Ontogenetic, static, and evolutionary al-
lometry. Ontogenetic allometry refers to a RGR trait at given developmental 
stage of signal organism, static allometry measures the RGR trait among indi-
viduals at a similar developmental stage, and evolutionary allometry measures 
the RGR trait within populations or species. However, applying the two-variable 
power-law fit to ontogenetic and static studies introduces a problem in the RGR 
calculation as the two-variables may not be independent from each other, even 
though the relative slope is constant (Lamont, Williams and He (2023) [18]). 
This is generally not the case when the starting mass is a constant when com-
pared to different organisms in the evolution mode. See for example, the tempe-
rate climate aerobic mouse-to-cow curve produced by Kleiber (1932) [19], and 
Kleiber (1947) [20] where the exponent equates to 3/4. This exponent has been 
found to be near universal and has become known as “Kleiber’s Law” on meta-
bolic scaling [21]. 

Today the general power-law function takes on different letters for the con-
stant and exponent, depending on the scientific field of study (biology, chemi-
stry, and physics), but in all cases it is used to mathematically describe the straigh-
ten properties of a curve when it undergoes a graphed log-log transformation. 
From a statistical analysis point of view, a reliable verification of a power-law 
function is only considered when the fit is over 1.5 orders of magnitude or 
more, on both the x-axes and y-axes [18], Rau (2002) [22], Stumpf and Porter 
(2012) [23], Andriani and McKelvey (2019) [24], and Roman and Bertolotti 
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(2022) [25]). 
In 1997, G.B. West, J.H. Brown and B. Enquist (known here as WBE) put for-

ward the theory of the fractal-like nature of internal resource-transport structure 
of biological systems [26], and more specific to vascular plants in 1999 [27]. 
Their theory is based on three principles. 

Firstly, the network supplies the entire volume of the organism; a space-filling 
fractal-like branching pattern, where the total cross-section area of branching 
the network is preserved. i.e., the sum of the cross-sectional areas of the daugh-
ter branches equals that of the parent (sum of daughter πr2 = parent πr2). Se-
condly, the final branch of the network (such as the capillary in the circulato-
ry system) is a size-invariant unit. Thirdly, the energy required to distribute re-
sources is minimized as there no hydrodynamic resistance within the system. 

The allometry scaling therefore is governed by the physical and geometric 
constraints of these three principles which is a simple representation of a com-
plex distribution network. In establishing their theory they acknowledged Jean 
of Jean Louis Marie Poiseuille (1799-1869) who developed the well known equa-
tion of volume transport per unit time (q), in a streamline flow through a cy-
linder, Equation (2) [21] [22] [28] and [29], 

( ) 48q p r P hL=                        (2) 

where r is the radius, L the length of the cylinder, P the pressure drop across it, and 
h the viscosity of the fluid. Using this geometric theory, each daughter branch of the 
distribution system has half the length, one-eighth the cross-sectional area, and 
one-sixteenth the volume of the parent branch. In this way the WBE theory 
yields an exponent = 3/4. A further development of the WBE theory has been the 
addition of size and temperature thereby evaluating the resting metabolic rate to 
the maximal aerobic activity of an organism (Gillooly et al. (2001) [30], Downs, 
Hayes and Tracy (2008) [31]). 

The world of pharmacokinetics has greatly befitted from the application of al-
lometry. For example; Dedrick, Bischolt and Zaharko (1970) [32], Boxenham 
(1981) [33], and Boxenhan and Fertig (1984) [34] has shown that a mammals 
physiology is synonymous with pharmacokinetics time (gauged by the tempo of 
changes in a living organism, rather than chronological time) and maybe used to 
calculate interspecies total body drug clearance value expressed in unit of vo-
lume per unit physical time per body weight. This is based on the following ob-
servations: 

Firstly, most mammals have four heartbeats per breath and have the same 
number of berths per lifetime, where small mammals have rapid heartbeat and 
short lifetimes, while larger mammals slow heartbeats and long lifetimes. Se-
condly, small mammals generally clear drugs from their bodies more rapidly in 
chronologic time per unit body weight than larger long-lived animals. But when 
measured individual physiological time, mammals tend to clear a drug at a simi-
lar pace. Thirdly, small mammals have relatively larger drug eliminating organs 
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such as liver and kidneys than do larger mammals. And because blood perfu-
sion rates to these organs are roughly proportional to their sizes, small animals 
have a greater drug clearance (CLvivo) measured in units of ml∙min−1∙kg−1 body 
weight. 

Thus comparing a 0.022 kg mouse with a 70 kg human with the drug metho-
trexate CLvivo which has a allometry exponent = 1/4, or 0.25 in decimal units. 
This yields a ratio 0.022 kg0.25 (0.38) to 70 kg0.25 (2.89) which approximates to 
0.13:1. Boxenham [33] states this in pharmacokinetic terms of “the mouse will 
clear the same volume of drug per kg body weight in 0.13 minutes as the human 
does in 1 minute.” For further reading on this subject, see Gilibili et al. (2015) [35]. 

3. Allometry Transfer to Microwave-Assisted Synthesis 
Energy Phase-Space Projection 

From the knowledge presented in Section 2, it is the assertion here that the ter-
minology and the two-variable power-law function scaling used in allometry stu-
dies (size and shape, mammal metabolic rate studies, and pharmacokinetics) may 
be transferred with confidence to microwave-assisted synthesis of nanostructures. 
Furthermore as with Andresen, Shiner and Uehlinger (2002) [36], the question 
“does the empirical data provide a scaling law” is turned around to ask a does 
the empirical scaling law provide functional information? For example, does the 
process energy budget increase due to changes in dielectric properties of solvents 
and reagents and how much by? Does, suspension bulk temperature (TB) govern 
by the process energy budget, where TB << the dielectric volume heating the in-
stantaneous temperature (Ti). 

What is known that from an energy phase-space projection point of view is 
that the variation in microwave applicator-type and the variation in mammal spe-
cies have a finite and bounded space that can be mapped throughout the projec-
tion with their class traits distinguishing their coordinate position. For example 
microwave applicators (having a power source that operates at a fo = 2.45 ± 0.05 
GHz (λ ~ 12.2 cm) have a specific dielectric volume heating trait that is absent in 
direct current, and radio frequency power source applicators. Thus a microwave 
applicator-type when mapped in energy phase-space reveals it impact on the fi-
nal synthesized product [5] [7] and [8]. This is similar to how Kleiber’s showed 
the basal metabolic rate of the mouse-to-cow curve, equals their body mass 
raised to the 3/4 power law [19] [20] and [21]. 

The term “physiological time” used in scaling of different organism [28] [36] 
and pharmacokinetics [32] [33] [34] [35] denotes a variable time-scale (heart-
beat or respiration) among organisms that can be related to the power on-time 
(Ton) within a cavity-magnetron duty cycle, where Ton plus Toff equals the base- 
time, and Ton minus base-time equals to the duty cycle. Hence the accumulated 
cavity-magnetron power on time (Ton multiplied by the number of base-times 
used) as the time used in the process energy budget calculation that is presented 
on the x-axes of the energy phase-pace projection [5] [6] [7] [8]. This would 
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mean that clock-time (as seen by an outside observer) does not directly control 
the process energy budget. From suspension temperature point of view, Ti can 
be considered a constant in the accumulated time, but the TB profile becomes 
desynchronized from the direction of process energy budget. Taken together with 
the work of [36] this would indicate that the energy phase-space projection pro-
vides minimum thermodynamic entropy (ΔH) and a maximum energy efficien-
cy value for the solvents and reactants used in each of the individually mapped 
microwave-assisted synthesized processes. 

4. Analysis Methodology 

The aim of this section is to provide a structured overview of the approached to 
allometry scaling of microwave-assisted synthesis data within an energy phase- 
space projection. 

4.1. High-Dimensional Data Spread Sheet Design 

Microsoft Excel spread sheet software is used collate the microwave-assisted high- 
dimensional data then dimensionally reduce the data [37] for visualization as a 
XY scatter plot. Plot facets, shape and color are use to delineate the five micro-
wave applicator-types, five metal precursors and the solvent and reagents used 
that comply with the principles of Green Chemistry. The XY scatter plots use 
log-log transformation and linear regression power function trend-line is then 
fitted to the data Figure 1. 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 coor-
dinates, and the cells $Y$1 and $Z$2 are the values of the c and n constants of 
Equation (1). This power function, generators a 0-dimensional (0-D) model iden-
tity-line that represents the process energy density prediction at each observed 
process energy budget value. 

4.2. Allometry Scaling 

To provide a quantitative guide that brackets (captures) the data over four or-
ders of magnitude on both axes, two allometry boundaries are constructed. The 
upper boundary has a fixed isometry exponent of 4 × 1/4 = 1, and the lower 
boundary is initially set to a hypoallomerty exponent of 2 × 1/4 = 0.5. The upper 
and lower allometry boundary y-axes intercept are set to the original Database B 
trend-line y-axes intercept of 0.7837 kJ∙mol−1. The underlay assumption here is 
that there is only one intercept for Database B. Due to the five microwave appli-
cator-type with the database this is a simplistic assumption. This may be consid-
ered as a good starting point as in reality the y-axes intercept does not exist due 
to the warm-up time of the cavity-magnetron which approximates to 3 s [6]. For 
a cavity-magnetron rated at 800 W operating in CW mode, the estimated process 
energy budget lower limit (xmin) equates to 800 W multiplied by 3 seconds = 2.4 
kJ, see the right hand side of Figure 1. 

Using the 0-D model predicted values, residual error (RE) is calculated from  
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Figure 1. A section of the Excel spread-sheet showing a section of Database B collated microwave-assisted synthesis data for en-
ergy phase-space projection. To the right is a log-log energy phase-space projection for Database B, n = 50. Upper allometry 
boundary (thick red line with exponent 1), lower allometry boundary (blue line with exponent 0.5) and black is the linear regres-
sion trend-line with exponent 0.764. 
 

the (Pv) minus the observed value (Ov), Equation (2). 

v vRE P O= −                          (2) 

where the lower allometry boundary intercepts a given data point, RE is calcu-
lated as the difference between the 0-D model and the allometry intercept. 

In Figure 1 the first feature of note is that data regression trend-line forms a 
power-law signature over four orders of magnitude in both the x-axes and the 
y-axes. In addition the trend-line splits the data into 24 points above and 26 be-
low the line. With a total ± data summation = 500 kJ∙mol−1. These two inequali-
ties indicate the data points have a non-linear distribution [23] [24]. The second 
feature of note is that the upper allometry boundary exponent = 1 and lower al-
lometry boundary exponent = 0.5 brackets (captures) 49 out of 50 data point, 
which equates to a 98% selectivity. The upper boundary outlier (green filled cir-
cle) has a residual error of +2.342 kJ∙mol−1 which represents a one-pot Ag nano-
structure synthesis employing Benzo-18-crown-6 (C20H24O6) that acts both as 
reducing and stabilizing reagent within a Samsung CE2877 domestic microwave 
oven (Pal, Deb and Deshmukh (2014) [38]. For the same database, Law and De-
nis (2023) [8] used raked Residual error analysis and principle component anal-
ysis to shows that the Pt (3240 kJ, 324 kJ∙mol−1 (Li et al. (2006) [39]) data point 
(red triangle) has a +3-Sigma outlier value, however this is not identified by the 
upper allomtery boundary: In this case an upper allometry exponent = 0.865 is 
required Table 1. These different outcomes are not incompatible as they are 
made in log-log space that has been transformed from and log-linear space. In 
log-linear space the emphasis is on outliers and where linear statistical mathemat-
ics such as 3-Sigma can operate. In log-log space the emphasis is on identifying a 
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function over orders of magnitudes where possible outliers far away from the 
origin (right-hand end of the curve) are compressed in the vertical scale to give a 
visually misleading illusion. Moreover, in the case of Figure 1, where the con-
stant is kept close to zero, an exponent > 0.768 will eventually not capture any of 
the data points at the extreme end of x-axes. By extension using an upper and 
lower allometry boundaries, where their intercept constant are the same and 
the exponent varied between 0.5 and 1, all or no data points will bracketed or 
captured. 

4.3. Non-Thermal Microwave Dielectric Volume Heating of H2O as 
a Bench Mark Comparison 

Process energy budget data for non-thermal microwave dielectric volume heat-
ing of H2O at 2.45 GHz is used as a benchmark comparison [6] for the micro-
wave-assisted synthesis of transition metals reported here. The reason being that 
H2O is classed as moderate microwave energy absorber with a loss tangent  
( tan e r rδ ε ε′′ ′= ) of approximately 1.35˚C at 20˚C. The dielectric properties (real 
( rε ′ ) and imaginary ( rε ′′ ) parts of its complex permittivity, and tan eδ  are giv-
en Table 2 for the environmental temperature range of 20˚C to 25˚C and at a 
temperature of 100˚C (law and Denis (2001) [40]. For comparison the dielectric 
real and imaginary values for ethylene glycol C2H4(OH)2 which have one relaxa-
tion peak in the 40˚C to 805˚C range is classed as a fast microwave energy ab-
sorber with tan 0.16eδ =  at 100˚C (Rana and Rana (2014) [41] and Patil et al. 
(2012) [42]) are also given. This comparison shows the that C2H4(OH)2 with its 
high boiling point and tan eδ  will be more effective in absorbing microwave 
energy and consequently induce rapid heating at higher temperatures when 
compared to H2O. This does not preclude other solvents from being used, how-
ever as it will be shown in section 5.1, H2O is the primary solvent used in the 
microwave hydrothermal synthesis of ZnO nanostructures and is replaced by 
C2H4(OH)2 in the microwave solvothermal synthesis of ZnO nanostructures. 

 
Table 1. Residual error outlier parameters and allometry outlier test. 

Outlier data point Metal 
x-axes 

(kJ) 
y-axes 

(kJ∙mol−1) 
Residual error (kJ∙mol−1) 

Allometry 
Exponent 

Samsung CE2877 [38] Ag 5.40 4.909 + 2.342 1.015 

MARS-5 [39] Pt 3240 324 + 250 0.865 

 
Table 2. Distilled H2O and C2H4(OH)2 real and imaginary complex permittivity, tan eδ  at 2.45 GHz for an environmental tem-
perature of 20˚C to 25˚C and temperature of 100˚C at one atmospheric pressure. 

Solvent Boil point (˚C) rε ′  
(20˚C to 25˚C) 

rε ′′  
(20˚C to 25˚C) 

tan eδ  
r rε ε′′ ′  

rε ′  
(100˚C) 

rε ′′  
(100˚C) 

tan eδ  
( r rε ε′′ ′ ) 

H2O (distilled) 100 ~78 ~12.5 ~0.16 ~80.4 ~9.889 ~0.045 

C2H4 (OH)2 197 ~37 ~49.95 ~1.35 ~25 ~4 ~0.16 
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4.4. Green Chemistry Catergory 

The use of solvents has been a great environmental concern for the last few dec-
ades with many metric and selection guides published. Here we use a reduced 
form (three) of the six point guide formulated at (http://www.chem21.eu/) and 
[43]. The reason for this is to keep clarity in both dataset facets and plots. The 
reduced point guide is as follows: recommended, problematic and hazardous. 
Using this formulation H2O, C2H4(OH)2, bacteria extraction and plant extrac-
tions are in the Green Chemistry group, light molecular weight caustic com-
pounds (potassium hydroxide (KOH), sodium hydroxide (NaOH), and sodium 
peroxide (Na2O2)) are in the problematic group. Finally organic-bromide and 
flammable hydrazine hydrate are in the hazardous group (Table 3). 

5. Results 

In this section, the energy phase-space projection of the microwave-assisted syn-
thesized transition metals Pd, Ag, Pt, Au and ZnO nanostructures is mapped as a 
whole (Figure 1). For clarity the chemical is mapped to their associated modern 
periodic table groups, Group IV (ZnO) (Figure 2); Group V (Pd, Ag) (Figure 
3); and group V (Pt, Au) (Figure 4). 

5.1. Group IV: ZnO 

Figure 2 shows the ten ZnO data points plotted in energy phase-space, the upper 
allometry boundary is kept at an exponent = 1 and the lower allometry boundary 
exponent is adjusted to 0.57 to intercept the lower kJ∙mol−1 data point. The first 
feature of note is that the original Database B trend-line bisects the data points, 2 
above and 8 below. Note, also that the ZnO data is tightly grouped in the x-axes 
(72 to 900 kJ) as compared to the four orders of magnitude for the whole dataset. 

In the 0.7837 to 1 exponent region two microwave-assisted syntheses are located  
 
Table 3. Short form of green chemistry solvents and reagents. 

Recommended 
Recommended 
or problematic 

Problematic 
Problematic or 

Hazardous 
Hazardous Highly hazardous 

Green Chemistry Problematic Green Chemistry Non-Green Chemistry hazardous 

Water 

Bacterial extract 

Acetic acid 

Carboxymethyl-cellulose sodium 

Dextrose, Glucose Maltose and Sucrose 

Dimethyl sulfoxide 

Ethanol 

Ethylene glycol 

Plant extracts 

Polyvinylpyrrolidone 

Potassium hydroxide 

Sodium hydroxide 

Sodium peroxide 

(3-mercaptopropyl)trimethoxysilane 

Cetyltrimethyl ammonium bromide 

Hydrazine hydrate 
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Figure 2. Log-log energy phase-space projection of nine ZnO and AgZnO (green), and 
one CoZnO (blue) nano-flower structures. Circle = Microwave oven applicator, square = 
TCMC applicator, diamond = ERTEC applicator, and triangle = Digestion applicator. 
Allometry scaling: red line = exponent of 1, blue trend-line = exponent of 0.57, and thin 
black line = original Database B trend-line with an exponent of 0.764. 

 
in the 72 to 126 kJ process energy budget range. In this group Cao et al. (2004) 
[44]) employed a LG-MS-2079T microwave oven for the Green Chemistry synthe-
sis of flower-like ZnO nanosheet aggregates (green circle). Also, Krishnapriya, 
Praneetha and Murugan (2016) [45] employed a Anton-Paar microwave Pro Di-
gester for microwave-assisted hydrothermal process (using (CH3CO2)2Zn∙2H2O + 
NH3 in H2O at a crystal formation temperature of TB = 50˚C and a final process 
TB = 125˚C with an autogeneous pressures up to 80 bar for the synthesis of ZnO 
jasmine-like nanostructures on sheets (green diamond). Here it is worth noting 
that NH3 is used instead of C2H4(OH)2. 

In the exponent 0.57 to 0.7837 region six microwave ovens are located in the 
120 to 380 kJ process energy budget range. These are: Cao et al. (2011) [46] used 
C2H5NO2 and H2O to reduce (CH3CO2)2Zn∙2H2O to form flower-like nanostruc-
tures within a Galanz microwave oven (green filled circle). Li et al. (2011) [47] 
used NaOH, commonly called caustic soda or lye, to reduce (CH3CO2)2Zn∙2H2O 
within an unspecified microwave applicator operating at 500 W with 50% duty 
cycle for the synthesis of ZnO and AgZnO flower-like nanostructures (green 
filled circle with black ring). Hasanpoor, Aliofkhazraei and Delavari (2015) [48] 
used a LG-MS1040SM microwave oven for microwave hydrothermal synthesis 
of ZnO flower-like structures. In their reaction toxic/farmable hydrazine hydrate 
is mixed with H2O is used to reduce (CH3CO2)2Zn∙2H2O, but did not report a TB 
value, and whether the reaction vessel was sealed, if so no autogeneous pressure 
is given (green filled circle with black ring). Liu et al. (2019) [49] used a un-
sealed reflux apparatus to heat a mixture of AgNO3 and ZnO precursors plus 
C2H4(OH)2 and Na2O2 within an unspecified microwave oven for microwave- 
assisted hydrothermal synthesis of Ag decorated flower-like ZnO nanosheets at 
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TB ~ 200˚C. Here it can be assumed that the reflux apparatus exit aperture was at 
1 bar atmospheric pressure (green filled circle with black ring). Aljaafari, Ahmed, 
Awada and Shaalan (2020) [50] used KOH, commonly called caustic potash to 
reduce (CH3CO2)2Zn∙2H2O within an unspecified Samsung microwave oven 
(green filled circle with black ring). Finally, Cai and Hung (2023) [51] used a 
P70D10P-TE Galanz microwave oven to synthesis ZnO flower-like nanostruc-
tures (green circles). 

Grouped to the right at a process energy budget of 900 kJ are two microwave 
syntheses. A TCMT applicator for synthesis of ZnO flower-like nanostructures 
(green square) (Li et al. (2014) [52]), and a ERTEC microwave applicator used 
for microwave solvothermal synthesis of Co doped ZnO compact “cauliflower” 
nanostructures (blue triangle) (Wojnarowicz et al. (2018) [53]). 

Within the energy phase-space projection it can be seen that the visual com-
parison of recommended Green Chemistry synthesis (data points with green 
ring) with non-Green Chemistry synthesis ([47] [48] (black ring) can be made. 
Given this limited data, it may be generalized that organic-Br, K, and Na rea-
gents are less efficient in terms of kJ∙mol−1 than Green Chemistry alternatives. 
With regard to Green Chemistry solvents and/or reagent used in microwave-assis- 
ted synthesis, a more appropriate grouping would be [44] [45] [46] [51] [52] 
[53] and [54]. Reference [47] NaOH, [49] uses Na2O2 and [50] uses KOH, all of 
which are in problematic group. 

Possible Ethylene Glycol Synthesis Reaction 
The application of microwave irradiation as an energy source to process mate-
rials has become part of the Green Chemistry approach to chemical synthesis. 
This is mainly because of the reduced processing time required when compared 
to classical (thermal processing). Nevertheless chemicals that are flammable or 
harmful to the environment have been reported in microwave-assisted synthesis 
should be avoided in-line with the third and forth principles of Green Chemi-
stry. It is worth noting that out of the ten ZnO nanostructure synthesis reported 
here, only four [44] [45] [49] and [52] directly use the words, clean, environ-
ment-friendly, green, or benign to characterize the their microwave technology. 
The microwave-assisted hydrothermal [45] [48] and [49] and solvothermal syn-
thesis [53] claim to be part of Green Chemistry approached due to how organic 
reducing agents and solvents react in a compressed and high temperature envi-
ronment. In this section the role in which H2O and C2H4(OH)2 are used to pro-
duce ZnO nanostructure is considered. 

Combining the early work of Wojnarowicz et al. (2016) [54] with [53] and 
[49] provides three representative Equations (3)-(5) that illustrates how the con-
trasting dielectric properties of H2O and C2H4(OH)2 under different temperature 
and pressure conditions influence both the morphology and Co dopping of the 
ZnO nanostructure. In each case the remaining byproducts are classed as waste 
products. 

Microwave hydrothermal within reflux apparatus within microwave oven [49] 
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( ) ( )2 4 2 2 22 ,C H OH ,H O,Na O ~200
3 2 2 32

CCH CO Zn 2H O AgNO AgZnO waste products +→⋅ + ˚ (3) 

where AgZnO represents the overall reaction of Ag decorated ZnO nanosheets at 
TB ~ 200˚C. Here 50 ml of H2O, 1 mmol of C2H4(OH)2 and 1 mmol of Na2O2 act 
as the metal precursor reducing agents to form ZnO crystal nuclei which grow 
along the [001] direction. The C2H4(OH)2 also acts as a surfactant by absorbing 
on to the polar surface to prevent ZnO agglomeration along the [001] plane: the 
cumulative effect being the formation of nanosheets of an approximate size of 
800 nm. The C2H4(OH)2 acts as a reducing agent for the Ag metal precursor that 
Ag ions to decorated the ZnO nanosheet. 

Microwave solvothermal synthesis within ERTEC microwave applicator [53] 

( ) ( ) ( )2 4 22C H OH ,H O C,190
3 2 2 3 2 22 2

1

CH CO Zn 2H O CH CO Co 2H O

Zn Co O waste productsx x−

⋅ + ⋅ →

+

˚

   (4) 

where ZnO1−xCoxO represents the general nanostructure at a operating tem-
perature of TB = 190˚C and a autogeneous pressure of 5 bar. The total H2O 
contents controls the size of the nanostructure typically less than 1.5% by weight 
yields a particle size below 28 nm, and 5% by weight yield particle sizes above 
53 nm. 

Microwave solvothermal synthesis within ERTEC microwave applicator [54] 

( ) ( )2 4 22C H OH ,H O,220 C
3 2 22

CH CO Zn 2H O ZnO waste products +→⋅ ˚     (5) 

where ZnO represent the general nanostructure at TB = 220˚C and an autogene-
ous pressure of 5 bar [55]. As the total H2O contents increases from 1% to 4% by 
weight within the reactants a change in morphology is induces, from spheroid to 
hexagon, as the ZnO(s) grows in size. 

5.2. Group V: Pd and Ag 

Figure 3 depicts microwave-assisted synthesis energy calculations of five Pd 
nanostructures reported in publications: Rademacher et al. (2022) [56], (Elazab 
et al. (2014) [57], and Elazab, Sadek and El-Idreesy (2018) [58]. In addition 
fourteen synthesized Ag nanostructures [59]-[71]. The initial feature of these 
nineteen data points present an elongated cluster over three orders of magnitude 
along original trend-line. Eighteen of the data points are divided equally, nine 
between the lower boundary exponent = 0.57 and the original data trend-line, 
and nine between the original trend-line and the upper boundary exponent = 1. 
The remaining Ag data point that lies just above the upper boundary exponent = 
1 is associated with [38] Figure 1. Note how the Pd and Ag data pattern between 
the upper and lower boundary exponents is markedly different from the ZnO 
microwave-assisted synthesis data presented in Figure 2. 

Examining the Pd nanostructure data, there are two applicator-types repre- 
sented here; a CEM Discover applicator (star) [56], and an unspecified micro-
wave oven rated with a 1 kW CW cavity-magnetron (grey filled circle) [57] [58]. 

The CEM Discover applicator employs an axial field antenna to create the  
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Figure 3. Log-log energy phase-space projection of five Pd (grey and star) and fourteen 
Ag (black) nanostructures. Star = CEM Discover applicator, circle = Microwave oven ap-
plicator, square = TCMC applicator, diamond = ERTEC, and triangle = Digestion appli-
cator. Allometry scaling: red line = exponent 1, blue line = exponent 0.57, and black line 
= original Database B trend-line with exponent = 0.764. 

 
electromagnetic field processing zone. Both of which are very different electro-
magnetic field and energy source design ([7] [8], and Öhrngren et al. (2012) [72]) 
to that of the domestic microwave oven. Here the synthesis of Pd shard-like nano-
structures have an energy phase-space coordinate of 120 kJ and 0.6 kJ∙mol−1 and 
lies at the lower boundary exponent = 0.57 (grey star). The solvent and stabiliz-
ing agent propylene carbonate used in the synthesis of the Pd shards, has a low 
toxicity, and is positioned within the recommended Green Chemistry group. 

The unspecified microwave oven employs farmable and toxic hydrazine hy-
drate as a reducing agent in the synthesis of PdFe, PdCo and PdNi [57], and 
PdCuO [58]. Together their energy phase-space coordinate are closely aligned 
(−0.36, + 3.3, +5.5 and +17 kJ∙mol−1) to the original data trend-line (grey filled 
circles with black ring). 

An examination of the fourteen Ag dataset reveals they are divided six above 
and eight below the original data trend-line, with one of the six Ag data points 
above the upper boundary exponent = 1 [38]. In [38] a one-pot Ag nanostruc-
ture synthesis employing C20H24O6 that acts both as reducing and stabilizing 
reagent within a Samsung CE2877 domestic microwave is reported in this 
process a cavity-magnetron rated at 850 W is used at 35.3% duty cycle (300 W) 
for 180 seconds. 

The Ag data between the original rend-line and the upper boundary exponent 
= 1 comprises: one microwave oven and four Digestion applicators. Here, Ahmed 
et al. (2020) [62] used oxalic acid (C2H2O4) and cetyltrimethyllammoiumbro-
mide (C19H42BrN) to reduce a Samsung microwave oven for synthesis of Ag 
spherical nanostructures. Alfano et al. (2016) [67], and Miglietta et al. (2018) 
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[68]), employed a Anton-Parr Multiwave for synthesis of Ag decorated graphene 
nanostructures. Liu et al. (2005) [69], employs a MARS-5 Digestion applicator 
for synthesis of Ag nanorods using trisodium citrate (Na3C6H5O7) and Au seeds 
at 100˚C. Blosi et al. (2010) [70] employs a Milstone μSYNTH plus digestion ap-
plicator for the synthesis of AgAu core-shells. They use glucose (C6H12O6) to re-
duce HAuCl4 in alkaline water. Rai et al. (2015) [71] used a MARS-5 Digestion 
applicator for microwave hydrothermal process (operating temperature = 90˚C, 
autogeneous pressure not reported) for the synthesis of AgSnO core-shells. Note 
also that the three digestion applicator synthesis are positioned to the higher end 
of energy phase-space (>280 kJ). 

As regards recommended Green Chemistry, [67] [68] use the C2H6O2 in the 
synthesis of Ag nanostructures, [70] used the eco-friendly C6H12O6 for the syn-
thesis AgAu core-shells, and [71] uses microwave hydrothermal approach for the 
synthesis of Ag@SnO2 core–shells. This recommended Green Chemistry group is 
annotated in Figure 3 with a green ring. 

Now consider the Ag data points between the original trend-line and the low-
er boundary exponent = 0.56. In this region there are three microwave ovens and 
five TCMC applicators synthesizing Ag nanostructures. The microwave oven syn-
theses are as follows: Saha, Malik and Quresh (2013) [59] Osmium leaf extract of 
Ag nanostructures. Iqbal, Kadir and Malek (2013) [60] used C19H42BrN in di-
ammonium hydrogen phosphate for substitution of Ca for Ag to form hydrox-
yapatite (AgHa) nanostructures. Jyothi et al. (2020) [61] used Coleus amboinicus 
leaf extract synthesis of Ag nanoparticles. 

The TCMC applicators are: TCMC-102 used for carboxymethyl-cellulose so-
dium (C8H15NaO8) reduction and capping of Ag nanoparticles (Chen, Wang, 
Zhangand and Jin (2008) [63]). Karimipour, Shabani and Molaei (2015) [64] 
used a Shikoku Keisoku SMW 06 fitted with a reflux apparatus for synthesis of 
Ag nanoparticles. The synthsis used dimethylformamide (C3H7NO) as the reduc-
ing agent and oleylamine (C18H37N) as the capping agent. Ebrahimi, Zakery, Ka-
rimipour and Molaei (2016) [65] used the same TCMT applicator for the syn-
thesis of AgTiOs core-shells. Their synthesis used ethanol as the solvent and Po-
lyvinylpyrrolidone-40 ((C6H9NO)40) as the reducing agent. Karimipour et al. (2015) 
[66]) also used the same TCMT applicator for synthesis of AgSiO2 core-shell 
nanoparticles. In this synthesis ethanol and C6H9NO was used. Again from a 
recommended Green Chemistry claim, nine publications may be considered [38] 
[56] [58] [59] [61] [63] [64] [65] [66]. Reference [47] uses NaOH and is part of 
the problematic group, [60] [62] uses the surfactant.C19H42BrN which in the 
non-Green Chemistry hazardous group. 

5.3. Group VI: Pt and Au 

Figure 4 depicts sixteen microwave-assisted synthesized Pt and Au nanostruc-
tures mapped in energy phase-space, the upper boundary exponent is kept at a 
value of 1 and the lower boundary exponent adjusted to 0.7 to intercept the lowest  
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Figure 4. Log-log energy phase-space projection of four Pt (red) and twelve Au (yellow) 
nanostructures. Yellow star = Discover applicator operating in the continuous-flow mode, 
Circle = Microwave oven, diamond = ERTEC, and triangle = Digestion applicator. Allo-
metry scaling: red line = exponent 1, blue line = exponent 0.7, and black line = original 
Database B trend-line with exponent = 0.764. 

 
kJ∙mol−1 nanostructure data point. The narrowing boundary limit indicates a 
reduced process energy density bandwidth as compared to the ZnO and the Pd 
and Ag group. 

First consider the four microwave-assisted syntheses of Pt nanostructures (red 
filled circles and triangle and diamonds). Kundu et al. (2011) [73] employs an 
unspecified microwave oven using ethylene glycol to synthesis Pt-graphene na-
nostructures (red filled circle with green ring). Pal et al. (2014) [74] employs a 
Samsung CE2877 microwave oven using a mixture (C6H9NO)n and C6H12O6 to 
synthesis Pt nanostructurs (red filled circle with green ring). Wojnicki et al. 
(2021) [75] employs an ERTEC applicator working at between 25˚C to 225˚C 
and autogeneous pressure of 45 to 50 bar (red diamond with green ring). And Li 
et al. (2006) [39] employs a MARS-5 Digestion applicator using the solvothermal 
technique (TB = 90˚C, and autogeneous pressure < 200 psi) to produce nanorods 
(red triangle with green ring). All of these synthesis are located close to the original 
Database B trend-line with values of: −0.124, +2.324, +3.01 and +25 kJ∙mol−1, re-
spectively. All four syntheses are placed in the Green Chemistry grouping. 

Moving on to the final 12 microwave-assisted synthesized of Au transition 
metal nanostructures [70] [76]-[84] these are depicted in Figure 4 using yellow 
filled circles to depict spheres, and a cross with yellow background to depict na-
nostructure other than spheres. A green outer ring indicates the use of a Green 
Chemistry product. 

The lowest process budget reported here is the work of Bayazit et al. (2016) [76] 
used the CEM Discover applicator operating in the continuous-flow mode (resi-
dence time (τ) typically between 1.5, 0.85, and 0.6 minutes) to anisotropic grow 
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Au nanorods (star with yellow background). In this synthesis HAuCl4∙4H2O is 
reduced using Na3C6H5O7 diluted in distilled H2O at an applied power of 36 
W. 

Figure 4 also shows that microwave-assisted synthesis of Au nanostructures 
within domestic microwave ovens that form a cluster within the 16 to 64 kJ 
process energy budget range. In this cluster Nadagouda and Varma (2007) [77] 
reports on the use of an inverter circuit [85] within an unspecified Panasonic 
microwave oven using C6H12O6, maltose and sucrose (C12H22O11) to reduce 
HAuCl4∙4H2O. Here an inverter circuit converts the mains supply frequency (50/ 
60 Hz) to a variable rate of some 20 to 45 kHz and by varying this the cavity- 
magnetron output power is linearly controlled, in this case 1000 W with a 35 to 
45 s illumination time. Yasim, Ramesh and Rajeshkumar (2014) [78] used hi-
biscus rosa-sinensis leaf extract to reduce HAuCl4 within an unspecified domes-
tic microwave oven. The cavity-magnetron conditions used where between 140, 
280 and 420 W for a process time of 30, 60, and 90 s to achieve a given nanopar-
ticle size and shape. Bhosale et al. (2015) [79] used a LG intellowave™ sensor mi-
crowave oven (model unspecified) to synthesis both spherical and flower-like 
nanoparticles. Their synthesis used the high boiling point (189˚C) lower vapor 
pressure (0.556 mbar) dimethyl sulfoxide (C2H6OS) to reduce HAuCl4. At in-
creasing cavity-magnetron duty cycle, they found that at approximately 30 kJ 
process energy budget they produced flower-like nanostructures and at an in-
creased energy budget of 64 kJ they produced spherical nanostructures (green 
circle). Ngo et al. (2015) [80] and Ngo et al. (2016) [81] used Na3C6H5O7 in H2O 
to reduce HAuCl4 within a EMM1908W Electrolux microwave oven. At 210 W 
and an approximate process energy budget of 64 kJ and process energy density of 
3.2 kJ∙mol−1, the process yielded spherical nanoparticles. Shah and Zheng (2019) 
[82] used (3-mercaptopropyl)trimethoxysilane (HS(CH2)3Si(OCH3)3) plus H2O to 
reduce HAuCl4 within a R202ZS Sharp microwave oven. At 800 W the process 
produced hexagonal Au nanostructures at an approximate process energy budget 
of 37.8 kJ and process energy density of 16 kJ∙mol−1 (yellow filled circle, black 
ring). Putri, Pratiwi and Side (2010) [83] used a one-pot synthesis of white bol gu-
ava leaf extract in ethanol to reduce HAuCl4 within a NN-SM33HM/W Panasonic 
microwave oven at 800 W at an approximate process energy budget of 64.3 kJ 
and process energy density of 1.9 kJ∙mol−1. Blosi et al. (2010) [70] used the Mil-
stone μSYNTH digestion applicator that employs two cavity-magnetrons to 
synthesis Au core bimetallic Au-Ag particles. In this synthesis HAuCl4 was re-
duced by C6H12O6 in alkaline H2O at TB = 90˚C. The cavity-magnetron applied 
power was ramped-up and held at a TB = 80˚C, as determined by software that 
controls the pulse width modulated power level for 300 s. Finally, Marinoiu et al. 
(2020) [84] used a one-step microwave hydrothermal (TB = 60˚C to 80˚C, Auto-
geneous pressure not reported), synthesis of Au nanoparticles supported on a 
graphene sheet within a MARS-6 digestion applicator (yellow diamond). The 
synthesis was carried out at a microwave power of 800 W (TB = 60˚C or 80˚C) 
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for a process time of 30 minutes. 
A Green Chemistry audit of the Au solvents and reagents reveals [70] [76]- 

[81] [83] [84] can be placed in the recommended Green Chemistry group. Ref-
erence [82] with its HS(CH2)3Si(OCH3)3 is in the problematic group. 

Figure 5 shows the compilation of the three chemistry groups. The most strik-
ing feature here is that the recommended Green Chemistry group ranges from 
the non-thermal-microwave heating studies in the bottom left to the hydro-
thermal and solvothemal synthesis in the upper right. For reference note the lo-
cation of C6H12O6, maltose and sucrose (C12H22O11) [77], hibiscus rosa-sinensis 
leaf extract [78], and white bol guava leaf extract [83]. Here it is worth noting 
that El-Nagger et al. (2016) [86] who used bacterial exopolysaccharide to reduce 
HAuCl4 to form Au nanostructure is expected to be this region, but insufficient 
power does not allow the plotting of their data. Secondly the two allometry 
boundary exponents of 0.66 and 0.87 bracket (capture) the non-Green Chemi-
stry hazardous synthesis which range over two orders of magnitude (10 to 100 
kJ). Finally, the problematic group exhibits a tight grouping between 37.5 and 
200 kJ with the upper allometry boundary exponent close to 0.94 and the lower 
allometry exponent close to 0.64, or 0.02 from the non-green chemistry hazard-
ous lower exponent. 

6. Summary and Outlook 

This work presents a new and novel dual allometry analytical test for the discrim-
ination between three groups of solvent and reagent within a microwave-assisted  

 

 
Figure 5. Log-log energy phase-space projection of Green Chemistry (green circles), 
problematic group (tan circles), non-Green Chemistry hazardous group (black circles). 
Allometry scaling: red line = exponent 0.87, blue line = exponent 0.66, and black line = 
original trend-line with exponent = 0.764. The annotated letters N, Y and P correspond to 
Nadagouda [77] and Yasmim [78] Purti [83]. 
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synthesis power-law signature that is construction from Database B, n = 50. The 
chemical groups are recommended Green Chemistry, problematic Green Che-
mistry and non-Green Chemistry hazardous Table 3. The data is presented within 
energy phase-space projection with dimensions of kJ on the x-axes and kJ∙mol−1 
on the y-axes. The dual allometry test developed in this work rests on the re-
quirements that the cavity-magnetron power and power on-time, along with the 
amount of colloidal suspension are measured without error. In addition the y- 
variable be clearly dependent upon the x-variable. With fifty different microwave- 
assisted syntheses spread over five different microwave applicator-types it is in-
herently unlikely that both of these criteria are met. The choice to use the linear 
regression best fit trend-line intercept as the allometry intercept must also con-
tribute to the overall error. Given these possible systematic error, discrimination 
sensitivity to the three chemical groups is achieved. It is shown that the new and 
novel dual allometry (non-linear) test is suited for the discrimination between 
three specific chemical groups within the power-law signature. The discrimi-
nation being as follows: 

1) Recommended Green Chemistry solvent data (for example H2O and  
C2H4(OH)2) exhibits a broad y-axes distribution within an allometry upper boun-
dary exponent = 1 and lower boundary exponent = 0.5 the intercept of both 
boundaries are aligned to a power-law signature y-axes intercept 0.7837. 

2) Problematic Green Chemistry solvent data (for example KOH, NaOH and 
Na2O2) exhibits a narrower distribution on the y-axes within an upper exponent 
= 0.94 and lower exponent = 0.64 where both allometry boundaries are aligned 
to a power-law signature y-axes intercept 0.7837. 

3) Non-Green Chemistry hazardous solvent data (for example organic-bromide 
and flammable/toxic hydrazine hydrate) exhibits a further narrowing of the y-axes 
distribution within the upper exponent = 0.87 and lower exponent = 0.66. Again 
both allometry boundaries are aligned to a power-law signature y-axes intercept 
0.7837. 

It is also shown that in the x-axes direction (process energy budget) the order 
of magnitude decreases from four orders for recommended Green Chemistry, 
through two orders for non-Green Chemistry hazardous chemicals and down to 
one order for problematic Green Chemistry. 

This work is in-line with the eleventh principle of Green Chemistry with a fo-
cus a non-linear discrimination test between recommended Green Chemistry, 
problematic Green Chemistry, and Non-Green Chemistry hazardous solvents rea-
gents used in microwave-assisted synthesis of transition metal nanostructures. 
However, little or no investigation has been performed on the waste byproducts 
within the cited literature. The tenth principle of Green Chemistry (the break-
down of byproducts to materials that are not harmful to the environment) there-
fore should be the outlook of this work. It is also thought that the non-linear 
discrimination test may be applied to other microwave-assisted synthesized metal 
transition nanostructures. 
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