
Materials Technology Reports 2025, 3(1), 2325. 

https://doi.org/10.59400/mtr2325 

1 

Review 

A study of the underlying dynamics of phase-space projection of microwave-

assisted synthesis of transition metal nanostructures 

Victor J. Law*, Denis P. Dowling 

School of Mechanical and Materials Engineering, University College Dublin, Belfield, Dublin, Ireland 

* Corresponding author: Victor J. Law, viclaw66@gmail.com 

Abstract: The study brings together in a single publication the phase-space projection analysis 

of microwave-assisted synthesis of transition monometallic (palladium, silver, platinum, and 

gold), binary zinc oxide, and metals supported on carbon framework nanostructures. It is shown 

for a database of fifty microwave-assisted syntheses, a two-variable power-law signature (y = 

cxn) over four orders of magnitude. The purpose of this study is therefore to identify the 

underlying dynamics of the power-law signature. A dual allometry test is used to discriminate 

between transition metal period and row, and between recommended Green Chemistry, 

problematic Green Chemistry, and non-Green Chemistry hazardous solvents. Typically, 

recommended Green Chemistry exhibits a broad y-axis distribution within an upper exponent 

= 1 and lower exponent = 0.5. Problematic Green Chemistry exhibits a y-axes narrower 

distribution with an upper exponent = 0.94 and a lower exponent = 0.64. Non-Green Chemistry 

hazardous data shows a further narrowing of the y-axis distribution within upper exponent = 

0.87 and lower exponent = 0.66. Mass-based environmental factor is used to calculate the 

‘Greenness’ of single-step (facile) transition metal synthesis. The power-law signature also 

exhibits phase transitions associated with microwave applicator type. 

Keywords: microwave-assisted synthesis; transition metal nanostructures; power-law 

signature; allometry scaling; green chemistry 

1. Introduction 

In this post-COVID-19 pandemic world, the approach to health care has changed 

in the short term, and most likely in the long term due to social politics, Earth’s 

resources, and energy consumption. This upheaval is leading to new forms of 

sustainable antibacterial, antiviral, anticancer and medicines and biotherapy [1]. These 

changes were already foreseen by Anastas [2] who further incorporated twelve 

principles into the concept of Green Chemistry; where the design of a chemical 

product eliminates the generation of waste through efficiency at the atom and energy 

level [3], and Bharadwaj et al. [4]. Recently energy phase-space projection analysis of 

historical non-thermal microwave-assisted inactivation of microorganisms [5] and 

microwave-assisted synthesis of Gold (Au) and silver (Ag) nanostructures [6] have 

been performed. Further to these metals, zinc (Zn), palladium (Pd) and platinum (Pt) 

were investigated [7]. This body of work developed a discrimination power-law test 

between transition metal precursors, and between recommended Green Chemistry and 

non-Green Chemistry [8]. The power-law test fulfils the criteria of Andriani and 

McKelvey [9], Stumpf and Porter [10], and Roman and Bertolotti [11] where four 

orders of magnitude provide a high degree of confidence in the verification of a scale-

free power-law signature. More recently Hınıs et al. [12] have used such energy 

analysis to show that microwave-assisted synthesis of Ag nanoparticles is more rapid, 
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effective, and energy-efficient when compared to traditional (thermal) methods. 

2. Aims of this work 

This work reviews, updates, and reinterpret the information presented in [5–8] 

into one single comprehensive publication that describes the energy efficiency within 

chemistry space for transition metals nanostructures in the form of: monometallic, 

bimetallic, binary metal oxide and metal supported of carbon framework. What makes 

a chemical or energy mechanism ‘Green’ is it use in a given context. The term ‘Green’ 

comes from the chemical’s ability to reduce the amount of material used, reduction in 

synthesis energy, and the reduction in the generation of unrecoverable waste. In the 

early developmental days of Green Chemistry there was no built-in economic 

component, this shortcoming was soon realized in sustainable chemistry with ‘greener’ 

or ‘eco-friendly’ products implicitly marketed with a social and human health impact 

[13]. This work uses the following definition for microwave-assisted synthesis Green 

Chemistry:  

‘Green Chemistry encompasses the linear energy and chemical flow, within the 

microwave-assisted synthesis of the target product and its waste’ 

Thus, the vague ‘sustainable’ and ‘eco’ adjectives now become redundant when 

a single-step chemical transformation (i.e., metal precursor + reactants → product + 

waste) is considered. However, the chemical make-up of a nanostructure product that 

is designed to kill a targeted organism may also be toxic to other organisms in the 

wider environment [14]. 

The remainder of this work is divided into the following sections. Section 3 

provides an overview of Microwave-assisted synthesis of Zn, Pd, Ag, Pt, and Au 

nanostructures of transition metals. Section 4 considers microwave-assisted synthesis 

mass-based Environmental-Factor (E-Factor) metrics, or greenness indictor, for solid 

spherical or oval-like nanostructures. The E-Factor calculation (waste g/product g) 

only includes the materials used within the microwave-assisted synthesis, therefore 

equivalent a simplest E-Factor (sEF) which is ideally close to zero. However, 

microwave-assisted synthesis of nanostructures may be a mixture of thermal and 

microwave steps. For this reason, sEF is replaced with the notation E-Fm, where the 

subscript denotes the microwave step. Section 5 describes experimental data collection 

and construction of the high-dimensional space [15] called Database B. Section 6 

explores the energy phase-space projection of Database B, where the process energy 

budget (cavity-magnetron power multiplied by process time (Js−1 multiplied by s = kJ) 

is plotted on the x-axes and the process energy density (process energy budget divided 

by suspension). It is shown that a zero-dimension (0-D) model of Database B, yields 

a global two-variable power-law signature over four orders of magnitude in both x-

axes and y-axes is obtained in Equation (1). 

y = cxn (1) 

where: y is the energy density, x is the energy value on the x-axes, c is the y-axes 

intercept constant, and n is the exponent of the power-law. When n < 1 this relates to 

a slow rate of energy density; an exponent = 1 means the relationship is linear; and for 

n > 1 the rate energy density is rapid, indicating a form of positive feedback 
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mechanism between input and outputs. As with Andresen et al. [16] we ask the 

question: ‘Does the empirical scaling law provide functional information?’ To explore 

these questions section 6, uses allometry [17,18] to discriminate the chemical and 

microwave-assisted aspects of the power-law signature. Here a dual allometry 

approached is used as the discrimination test with regard to the third principle of Green 

Chemistry, where 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. Or as in the case of the seventh principle the use of natural plant-

based biomass extract is the choice of use. Section 5 provides a ranked residual error 

analysis of the 0-D model. Section 7 presents and extends allometry scaling of 

microwave-assisted synthesis Database B. And finally, Section 8 summarizes this 

work, and section 9 provides an outlook. 

3. Microwave-assisted synthesis of Zn, Pd, Ag, Pt, and Au 

nanostructures 

Microwave-assisted synthesis of transition metal nanostructures requires a metal 

precursor, a reducing agent to release the metal seed, and a surfactant [19], all mixed 

in a solvent that is illuminated with microwave energy to produce the nanostructure 

and waste product. The E-Fm is calculated as the mass of the waste product divided by 

the mass of the final product (waste g/product g) which ideally should be close to zero 

to reflect the ‘Greenness’ of the synthesis [13]. This section provides a commentary 

on some aspects of the synthesis. 

3.1. Zn, Pd, Ag, Pt, and Au transition metal chemistry 

It is well known that transition metals form ionic-to-covalent bonding with other 

elements, where the bonding mechanism is dependent on the metal oxidation state. 

Where a low oxidation state produces ionic bonding, and high oxidation states produce 

covalent compounds or polyatomic ions. While the name transition has no particular 

chemical meaning, these elements, or metals, occupy columns in the middle of the 

modern periodic table, Group 2A and Group 3A. They are also sometimes called d-

block elements, since in this region the d-orbitals are being filled in [20]. The most 

non-reactive of these metals (Au) having been mined for thousands of years, followed 

closely by Zn [21]. In the 16th century the scarce precious metal Pt was discovered by 

Europeans in Central America and much later in 1803 Pd was found. Traditionally in 

their bulk form these metals are used in jewelry, glassware, coinage, as a metal 

protection layer (galvanized steel), antifouling paints, toothpaste, and skin care 

products.  

Today, transition metal nanostructures are produced for their unique properties. 

Silver has little known purpose within living cells yet monometallic Ag and Ag 

decorated nanostructures are fabricated for their biocide activity against targeted 

gram-negative, gram-positive bacteria and for air purification at environmental 

temperatures (20 ℃–25 ℃). The transition metal Zn is one the trace elements that is 

essential for biological processes in almost all living cells; in its binary oxide form 

ZnO is used across a range of electrical, biomedicine and cancer therapeutic 

applications. Whereas Pd, Pt and Au nanostructures are stable with low toxicity that 
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enable them to have their surface chemical composition altered (functionalized) with 

drug biomolecule payloads. 

Figure 1 shows the relative d-block position and atomic number for Zn, Pd, Ag, 

Pt, and Au within the modern Periodic Table. In this representation, the noble gas 

shorthand, shows that Zn is positioned at the end of the first transition period and row 

with an electron configuration of [Ar] 4s2 3d10: Pd and Ag are in the second transition 

period and row with electron configurations of [Kr] 4d10 5s0 and [Kr] 4d105s1, 

respectively: and finally Pt and Au are positioned on the third period and row with an 

electron configurations of [Xe] 4f14 5d9 5s1 and [Xe] 4f14 5d10 5s1, respectively. In all 

cases the d-orbital filling increases from left to right and the electron core increases 

with period and row number. Both of which reduce the effective nuclear charge on the 

outer electrons due to electron core shielding effect, which in turn influences the 

atomic and chemical properties of the metal. 

 

Figure 1. d-block transition metals (Zn, Pd, Ag, Pt, and Au) relative position within the modern periodic table 

according to their period and row and d-orbital electron filling. Also shown is their electron configuration. 

In the case of Zn, d-orbital filling is at a maximum with ten electrons that are 

paired, which leaves the two outer most valence electrons almost exclusively available 

to participate in ionic bonding with other elements. For instance, ZnCl2 or ZnO, where 

Zn is said to have an oxidation state +2. For this reason, Zn is sometimes considered 

not to be a transition metal. In the first transition metal period and row, Zinc acetate 

dihydrate (Zn(CH3CO2)22H2O: molar mass 219.53 gmol−1 with 57.9% Zn by weight) 

is employed as the metal precursor in [22–32] and therefore shall be discussed further 

in this work. For the second transition metal period and row, Pd tends to keep its ten 

electrons as 5-electron pairs to maintain a full d-orbital configuration, whereas Ag 

tends to give up its unpaired electron in the form of a surface layer of Ag2S, or tarnish. 

For Pd precursors: palladium(II) acetylacetonate (Pd(C5H7O2)2: molar mass 304.64 

gmol−1) palladium(II) chloride (PdCl2), palladium(II) nitrate (Pd(NO3)2) are typically 

used [33–35]. In each case the palladium metal as an oxidation state of +2, where two 

of the d-orbital electrons are used. For the silver precursor, silver nitrate (Ag(NO3)), 

where Ag has an oxidation state of +1 is invariably used [12,36–47]. For the third 

period and row metals, Au tends to give up its unpaired electron, whereas Pt tends to 

keep the unpaired electron due to the attraction force of the incomplete (5d9) d-orbital. 

For microwave-assisted synthesis of these transition metal nanostructures: Typically 

hexachloroplatinate(IV) acid (H2PtCl6xH2O) is used for the Pt metal precursor [48–
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51], where Pt has an oxidation state of +4. In the case of Au, tetrachloroauroic(III) acid 

(HAuCl4xH2O; molar mass 339.785 gmol−1) with an Au oxidation state of +3 is 

normally used [37,52–61]. For this precursor, 100 ml of 1% solution contains 1 gram 

of Au. 

Today monometallic, bimetallic, and metal supported on carbon framework 

nanostructures have at least one dimension <100 nm. Their comparative size to cellular 

components also enables effective medical therapy, and drug delivery systems to be 

manufactured for the killing of coronavirus [62]. 

When represented as a thermodynamically stable unit cell: Pd, Ag, Pt and Au 

have a face-centered cubic (FCC) crystal lattice where each atom has a coordination 

number (the number of closest bonded neighbors) equal to 12, and the number of 

atoms per unit cell equal to 4 [63,64] Figure 2. Zinc, however, forms a more complex 

hexagonal close-packed (HCP) or Wurtzite unit cell, where six Zn atoms form a 

hexagon surrounding a central Zn atom with the next plane situated halfway up the 

unit cell c-axis that contains three additional Zn atoms situated at interstices of the 

HCP plane (Baranov, Sokolov and Solozhenko (2022) [65]). The coordination number 

for HCP is the same as FCC, but the number of atoms per unit cell are reduced to six. 

Under ambient pressure and temperature the binary compound zinc oxide also forms 

a HCP wortzite lattice (w-ZnO) crystal structure that exhibits an anisotropic ionic 

characteristic due to the O atoms that form alternating layers in the c-axes. This ionic 

characteristic is revealed in its four characteristic crystal surfaces: two c-axes 

orientated with either a (0001) polar Zn-termination or a polar (1001) polar O-

termination, and two different non-polar surfaces in the a-axes [112̅0 ] and a-

axes[101̅0] direction. 

 

Figure 2. FCC unit cell lattice structure of Pd, Ag, Pt and Au (left) and ZnO wurtzite 

unit cell (right). 

3.2. Transition metal precursor reduction steps 

In this section three representative microwave-assisted syntheses are explored, 

one from each transition metal period or row. Here stoichiomertic representative 

balanced equations for ZnO, Pd and Au nanostructures synthesis are presented where 

the seed particle is denoted with a superscript 0 and typically 1.5 nm. As regard to 

reported colloidal suspension temperature, the accepted view is that within the 

microwave illumination period, polar molecules undergo dipole polarization and when 

these dipoles try to align with the electromagnetic field they generate heat that causes 

Zn 

O 
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an instantaneous temperature (Ti) causing the local non-polar compounds to be heated. 

For the metal precursors a second mechanism that involves currents of free charges 

excited at the surface and within contributes to heating because of Ohmic loss. The 

key advantage of microwave processing over thermal processes is the speed of the 

microwave reaction and the increase or decrease in temperature of the reaction. This 

leads to an increase in the yield of the target product molecule and corresponding 

reduction in side-chain reactions. It is this dual heating characteristic that makes 

microwave processing ‘Green’ when compared to traditional thermal processing. For 

the colloidal suspension reported they have, in general, a reported bulk temperature 

(TB) that is much lower than Ti. In this work the reported colloidal solution in each 

referenced paper the temperature is given in degree centigrade (℃). 

For the first transition period and row, the work of Wojnarowicz et al. [28], 

Wojnarowicz et al. [29] illustrates the contrasting dielectric properties of H2O and 

ethylene glycol (C2H4(OH)2) under different temperature and pressure conditions 

influence both the morphology and Co doping of ZnO nanostructures. These reactions 

are performed in the ERTEC microwave applicator under solvothermal conditions, 

where initially 2.18 g of Zn(CH3COO)2H2O is soluble in 100 ml of C2H4(OH)2 at 

room temperature [66]. The representative balanced microwave-assisted solvothermal 

synthesis equation for these reactions are given Equation (2) (morphology), and 

Equation (3) (Co doping). 

(𝐶𝐻3𝐶𝑂2)2𝑍𝑛2𝐻2𝑂
𝐶2𝐻4(𝑂𝐻)2,𝐻2𝑂,220

𝑜𝐶
→                𝑍𝑛𝑂 + 𝑤𝑎𝑠𝑡𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (2) 

where ZnO represents the general nanostructure at TB ~ 220 ℃ (means of temperature 

measurement not given) and an autogeneous pressure of 5 bar. As the total H2O 

contents increases from 1 to 4% by weight within the reactants a change in morphology 

is induced from spheroid to hexagon, as the ZnO(s) grows in size. 

(𝐶𝐻3𝐶𝑂2)2𝑍𝑛2𝐻2𝑂 + (𝐶𝐻3𝐶𝑂2)2𝐶𝑜2𝐻2𝑂
𝐶2𝐻4(𝑂𝐻)2, 𝐻2𝑂,190

𝑜𝐶
→                𝑍𝑛1−𝑥𝐶𝑜𝑥𝑂 + 𝑤𝑎𝑠𝑡𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (3) 

where ZnO1−xCoxO represents the general nanostructure at TB ~ 190 ℃ (means of 

temperature measurement not given) and an autogeneous pressure of 5 bar. The total 

H2O contents control 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. 

The crystal characterization indicates that structure is in HCP wortzite phase. 

The microwave-assisted hydrothermal synthesis of Ag decorated ZnO 

nanostructure via the reduction of Zn(CH3COO)2H2O in a mixture of AgNO3 and 

C2H4(OH)2 [30] suggests the following possible representative balanced reaction 

Equation (4). Where the reaction is performed in an atmospheric pressure reflux 

apparatus within a microwave oven with the colloid solution temperature maintained 

at TB ~ 200 ℃ (means of temperature measurement not given). The C2H4(OH)2 and 

caustic sodium peroxide (Na2O2) act as the metal precursor reducing agents. The 

AgZnO represents the Ag decorated ZnO flower-like nanostructures with the Ag 

component having a FCC crystal lattice structure and ZnO component having a HCP 

wortzite crystal lattice structure. 

(𝐶𝐻3𝐶𝑂2)2𝑍𝑛2𝐻2𝑂 + 𝐴𝑔𝑁𝑂3
𝐶2𝐻4(𝑂𝐻)2, 𝐻2𝑂,𝑁𝑎2𝑂2 ~ 𝑟𝑒𝑓𝑙𝑢𝑥,200

𝑜𝐶
→                             𝐴𝑔𝑍𝑛𝑂 + 𝑤𝑎𝑠𝑡𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (4) 
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For the second transition period and row the microwave-assisted synthesis of Pd 

supported on a carbon triazine framework (CTF) is given. The CTF having a high 

surface area with high porosity and abundance nitrogen nanostructure is synthesized 

is performed within the CEM-Corporation Discover® (henceforth called Discover®) 

applicator operating in the batch mode (here called for the following process 

conditions: microwave power = 100 W for 20 min that result in a TB ~ 200 ℃ [35]. 

𝑃𝑑(𝐶5𝐻7𝑂2)2 + 𝑃𝐶𝐷 
 [BMIm][NTf2],250

𝑜𝐶
→               𝑃𝑑 − 𝐶𝑇𝐹 + 𝑤𝑎𝑠𝑡𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (5) 

Here the metal precursor Pd(C5H7O2)2 is mixed with 2, 6-dicyanopyridine (PCD, 

C5H7N3), which is dispersed in the solvent 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (C10H18F6N3O4S2, or [BMIm][NTf2]). The solvent 

is in the family of room-temperature ionic liquid (IL) is a charged fluid that contains 

both Cations and Anions of different sizes and shapes, and where their intrinsic ionic 

conductivity provides it with high microwave absorption properties, or high loss 

tangent, tan e = εr/εr, which is a measure of the conversion of microwave into 

thermal energy, Yang et al. [67], and Kustov and Vikanova [68]. The shorthand name 

[BMIm][NTf2]) for this IL is used here as the Brackets usefully denote the Cation and 

Anion. Upon microwave illumination both dipole polarization and ionic conduction 

(oscillation of the ions within the electromagnetic field) occur, and where metal 

nanostructures are present eddy currents are induced in the metal resulting in heating 

due to Ohmic losses [68,69]. The combined effect is to induce an enhanced 

instantaneous temperature (Ti) than dipole polarization along. The outcome of this 

synergistic heating is to enhance rapid heating resulting in a chemical transformation 

at lower TB.  

For the third period and row the microwave-assisted synthesis of Au is 

exemplified. Here Equation (6) provides the first stage of the synthesis of Au0 via the 

chemical reduction of HAuCl4 with the reduction and stabilizing agent anhydrous 

trisodium citrate (Na3C6H5O7) typically diluted at 0.57 mg per 1 ml of H2O. 

HAuCl4.4H2O + Na3C6H5O7 + 18H2O → Au0 + H+ + 3Na+ + 4Cl- + 21H2O + C6H5O7.H2O (6) 

Au0
Na3C 6H5O7
→        AuNP (7) 

The growth of the Au nanostructures from Au0 seed is given in Equation (7) 

where the size of the Au nanostructures depends strongly on the ratio of Na3C6H5O7 

to AuCl4. This is because Na3C6H5O7 also acts as a stabilization agent. A typical 

scenario for this dual process is generally expressed by the following example. At low 

Na3C6H5O7 concentrations, the growing Au0 seed particle has a low probability due to 

low chance of reaction with a Na3C6H5O7 molecule; consequently aggregation occurs 

resulting in an increase in Au particle size and size distribution, both of which are 

accompanied by a variety of particle morphologies. At large Na3C6H5O7 

concentrations, the Au0 seed has a high probability of reacting with a Na3C6H5O7 

molecule and is rapidly stabilized with a small spherical diameter and size distribution. 

In many respects, the critical difference in Na3C6H5O7 concentration is a mass 

transport phenomenon where the supply of Na3C6H5O7 defines the position of the rate-

limiting step of Au nanostructure growth. Naturally, particle growth stops when all the 

HAuCl4 is consumed in the reaction. For Ag nanostructure synthesis, the Au precursor 
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is normally replaced with silver nitrate (AgNO3) in the presence of a reducing reagent. 

3.3. Surfactants 

Surfactants molecules have a hydrophilic head and a long hydrophobic tail. 

Polyethylene glycol is a typical example of this amphiphilic trait and plays an 

important role in the formation of transition metal nanostructures [25] and Kawasaki 

et al. [70]. Where microwave illumination conditions produce colloidal temperature 

close or above the boiling point of C2H4(OH)2 (197 ℃ at one atmospheric pressure), 

C2H4(OH)2 acts as both a reducing reagent, and also absorbs on the (0001) ZnO polar 

surface to restrict ZnO crystal growth along the [001] direction, in doing so promoting 

nano-sheet structures and flower-like growth [30]. The surfactant process is thought 

to proceed by a two step oxidation of C2H4(OH)2 to produce glycololdehyde (C2H4O2) 

that has a terminating oxygen and hydride at either end of its very short carbon chain. 

3.4. Microwave (2.45GHz) dielectric properties H2O and C2H4(OH)2 

The reactions Equation 5 involve [BMIm][NTF2] has very different dielectric 

properties to that of H2O and C2H4(OH)2 at environmental temperatures of 20–25 ℃ 

therefore has different microwave absorbing properties. Molecular H2O is classed as 

a moderate microwave energy absorber with a tan e of approximately 0.16 at 20 ℃. 

Whereas [BMIm][NTF2] and C2H4(OH)2 at environmental temperature are classed as 

fast microwave energy absorbers with a tan e of approximately 0.56 [67], and 1.35 

[71,72]. The dielectric properties (real (εr) and imaginary (εr)) parts of its complex 

permittivity, and tan e are given in Table 1 for 20 to 25 ℃ and at a temperature of 

100 ℃ [73]. This comparison shows the that C2H4(OH)2 with its boiling point (197 ℃) 

at atmospheric pressure and high tan e will be more effective in absorbing microwave 

energy, consequently will be rapidly heated at higher temperatures compared to H2O. 

For this reason, distilled H2O is the primary solvent used in the microwave 

hydrothermal synthesis of ZnO nanostructure and is replaced by C2H4(OH)2 in the 

solvothermal synthesis of ZnO nanostructures. Although at present there is no high 

temperature data for [BMIm][NTF2], it is expected to have similar properties to that 

of C2H4(OH)2. 

Table 1. Distilled H2O and C2H4(OH)2 real and imaginary complex permittivity, tan e at 2.45 GHz for 20 to 25 ℃ and 

100 ℃ at one atmospheric pressure. 

Solvent Boiling point (℃) 
εr 
(20 to 25 ℃) 

εr 
(20 to 25 ℃) 

tan e 

εr/εr 
εr 
(100 ℃) 

εr 
(100 ℃) 

tan e 

(εr/εr) 

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

[BMIm][NTf2] < 100 ~6.2 ~3.5 ~0.56 - - - 

C2H4 (OH)2 197 ~37 ~49.95 ~1.35 ~25 ~4 ~0.16 

4. Microwave-assisted synthesis E-Fm 

This section presents mass-based E-Fm metrics, or ‘Greenness’ indicator of 

microwave-assisted synthesis of ZnO spheres [28], Pd spheres supported on a carbon 

framework [35] and monometallic Ag [38] and Au [57] nanostructures. In each case 

the synthesis employs a one-step (facile) process with the target nanostructure being a 
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solid spherical or oval-like in shape, this approach reduces surface area, and reactivity 

effects, as flower-like structures have acute angled spikes that generate large surface-

to-volume ratios compared to a solid sphere, and therefore are excluded from this 

comparison. For the solvothermal synthesis of ZnO Equation (2) and the quantity data 

[28] are used. For microwave-assisted synthesis Au Equations (5) and (6) along with 

their quantities [57] are used. Generally, nanostructure product purification is 

performed by either centrifugation or a solvent post-wash, where the auxiliary 

materials provide an additional E-Factor calculation that goes to form a complete 

Environmental-Factor. For comparison purposes only, the post-wash calculation is 

given in itallics for ZnO and Pd@CTF [35]. As ZnO yields of 31 to 37% have been 

reported by Cai and Hung (2023) [32], 50 to 88% for Pd-CTF reported by Rademacher 

et al. [35], and approximately Au 50% yield reported by Putri et al. [60]; a metal 

composition yield of 50% per metal precursor molar mass is assumed in all E-Fm 

calculations. 

Even though the four E-Fm calculations presented in Table 2 are limited in scope, 

the magnitude of their values is generally in line with the 1992 published E-Factor for 

the pharmaceutical industry [13]. On closer inspection the 50% metal yield E-Fm does 

not increase with Group period and row but rather with the stoichiometry of the 

nanostructure. For instance, the lowest E-Fm value is the [BMIm][NTF2] liquid ionic 

solvent synthesis with a value of 21 to 25 depending on the amount of carbon 

framework that the Pd is decorating. This is followed by C2H4(OH)2 synthesis which 

equates to an E-Fm of approximately 20.7. The third highest E-Fm value is 109 for the 

HAuCl4 synthesis of Au. Finally, the plant-based biomass synthesis of Ag that has the 

highest H2O solvent usage has an approximate E-Fm value of 116. Two features of note 

for these outcomes are that the post-wash step increases the value E-Fm, and in the 

case of the Pd supported on carbon framework synthesis is that the reducing reagent 

appears in the denominator of the E-Fm calculation as it becomes part of the target 

product [13]. Welton [74], along with others, has pointed out the limitations of this 

calculation in that it does not discriminate between: addition, isomerization reaction, 

substitution, and elimination reactions. Thus, for a final monometallic nanostructure 

product where all other mass is classed as waste, the amount of solvent greatly 

increases the E-Fm value, as in the case of plant-based biomass synthesis. 

Table 2. Estimated order of E-Fm (waste g/product g) for one-step (facile) microwave-assisted synthesis of some ZnO, 

Pd, Ag, and Au nanostructures. 

Target 

transition metal 
Applicator 

Precursor 

mass 

Reducing, capping, framework 

mass 

Solvent 

mass 

Post-wash 

mass 

EF 

metal yield 50%  

ZnO 

[28] 
ERTEC 

(Zn(CH3COO)22H2O 

~15.36 g 

*C2H4(OH)2 

80.3 g 

**H2O 

1.6 g 

H2O 

150 g 

~20.7 

~31 

Pd@CTF 

[35] 
Discover® 

Pd(C5H7O2)2 

 ~0.0572 g 

C5H7N3 

0.020 g 

[BMIm] 

[NTf2] 

2 g 

CH3CN 

3.144 g 

~21 to 25 

530 to 570 

Ag 

[38] 

MO 

IFBl 30SC3 

AgNO3 

0.17 g 

 

Osmium leaf extract 

10 g 

H2O 

~50 g 
Not given ~1116 

Au 

[57] 
Discover® 

HAuCl4 

1.698 g 
0.25 mM Na3C6H5O7 

H2O 

~39.8 
Not given ~109 

*[66]. **Approximately 1.5% H2O in C2H4(OH)2. *** Three aliquots of 50 ml of H2O. 
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5. Experimental data collection and high-dimensional space design 

Microwave dielectric volume heating for the synthesis of organic polar and non-

polar compounds is one heating technology of choice for Green Chemistry [5–

8,12,34,35,36,38,46,50,53-56,59,68,72,73,75]. This is because the process induces a 

rapid rise in internal temperature that results in short process times and high yields as 

compared to thermal heat processes. 

Collating experimental data from different research sources where the electrical-

chemical conditions vary and are not reported uniformly invariably results in the 

electrical-chemical database not being complete [6–8]. Database A is collated from the 

electrical-chemical microwave-assisted synthesis of Au and Ag nanostructures 

publications [8], then updated with the electrical-chemical synthesis data of Zn, Pd 

and Pt to produce Database B [6]. The database generates 50 synthesis high-

dimensional datasets from thirty-five papers about microwave-assisted nanostructure 

synthesis [22–27,29–61]. During this data-gathering process a further ten microwave-

assisted synthesis of nanostructure papers [76–86] were found to have insufficient 

electrical-chemical data to allow full calculations, and therefore are not included in 

this work. 

In Database B, the majority of the syntheses are performed in a domestic 

microwave oven, with forty-nine processes operating in the batch mode and one 

operating in the continuous-flow mode. In all cases, a free-running cavity magnetron 

operating at a frequency of fo = 2.45 ± 0.05 GHz is used to illuminate the samples. 

Five of the microwave oven (Bluesky, model BMG20-8) data points represent non-

thermal microwave-assisted dielectric heating of 10 ml H2O pseudo-suspension using 

55%, duty cycle (440 W of 800 W) and simultaneously cooled by an ice or ice slurry. 

The experiments were designed to mimic bacteriophage and E. coli ≥4 log10 

inactivation [5]. This data is used as a benchmark as H2O is considered to be a 

universal solvent. The remaining microwave applicators are: The Discover® 

applicator, the ERTEC, model 02-02 applicator operating in the solvothermal mode, 

temperature-controlled microwave chemistry (TCMC) applicators that typically uses 

a atmospheric pressure reflux apparatus; Digestion applicators that use a sealed 

reaction vessel operating in the solvothermal or hydrothermal mode. 

Table 3. Short form of green chemistry solvents and reagents [8]. 

Recommended 
Recommended 

or problematic 
Problematic 

Problematic or 

Hazardous 
Hazardous Highly hazardous 

Green Chemistry Problematic Green Chemistry Non-Green Chemistry hazardous 

Water 

Acetic acid 

Bacterial extract 

Carboxymethyl-cellulose sodium 

Dextrose, Glucose Maltose and Sucrose 

Dimethyl sulfoxide 

Ethanol 

Ethylene glycol 

Plant-based biomass extract 

Polyvinylpyrrolidone 

Potassium hydroxide 

Sodium hydroxide 

Sodium peroxide 

(3-mercaptopropyl) trimethoxysilane 

Cetyltrimethyl ammonium bromide 

Hydrazine hydrate 

The electrical, chemical, and time information collated within Database B is used 
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to generate a high-dimensional space from which the data is dimensionally reduced 

for visualization as an XY scatter plot [15]. The data point color and shape are used to 

delineate the microwave applicator-type and metal nanostructure. A log-log 

transformation is used for the energy phase-space projections with a linear regression 

Excel power function trend-line to fit the data. This power function, generators the 0-

D model that represents the process energy density prediction at each observed process 

energy budget value, but in itself does not give any underlying synthesis information. 

Since the 1990s, the use of solvents that do not appear in the product chemical 

stoichiometric equation has been an environmental concern with many forms of 

metrics being used as an environmental selection guide [2,3,13]. Here, a shorten guide 

formulated from (http//www.chem21.eu/) [74] is used to provide clarity in both dataset 

facets and plots. The reduced guide comprises: recommended, problematic and 

hazardous. Using this formulation H2O, C2H4(OH)2, bacteria extraction and plant-

based biomass extracts are in the Green Chemistry group, light molecular weight 

caustic chemicals compounds (potassium hydroxide (KOH), sodium hydroxide 

(NaOH), and Na2O2 are in the problematic group. Organic bromides and flammable 

hydrazine hydrate are in the hazardous group (Table 3). 

6. Energy phase-space projection of database B 

Figure 3 shows the first of the energy phase-space projections for Database B: 

with horizontal-axes of 0.1 to 10,000 kJ, and vertical-axes of 0.01 to 1000 kJm−1. For 

comparison, the non-thermal microwave-assisted data is represented by green filled 

circles. The Discover® applicator operating in the continuous flow for the synthesis 

of Au nano-rods is represented by the black-filled circle. The remaining open circles 

represent the digestion applicator, ERTEC, microwave oven, TCMC synthesis of ZnO, 

Pd, Ag, Pt and Au nanostructures. The trend line (black solid line) represents the 

Microsoft least squares fit through all fifty data points. 

 
Figure 3. Log-log process energy phase-space projection of forty-four batch process 

microwave-assisted ZnO, Pd, Ag, Pt and Au nanostructures (open circles), one 

continuous flow (black filled circle), plus non-thermal inactivation of 

microorganisms within microwave oven (five green closed circles). Microsoft least 

squares fit through all fifty data points (black solid line). 

The horizontal axes of this projection is related to the cavity-magnetron duty 
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cycle power on-time (Ton), where Ton plus Toff equals the base time, and Ton minus base-

time equals to the duty cycle. Hence Ton is multiplied by the number of base-times 

used to determine the process energy budget. This accumulated time may be 

considered similar to mammals ‘physiological-time’ used in the scaling of different 

organism [16] and Lindstedt [87]. This means that clock-time (as seen by an outside 

observer) does not directly control the process energy budget. From a colloid 

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 [16] the energy phase-space projection 

provides minimum thermodynamic entropy ( H) and a maximum energy efficiency 

values for the solvents and reactants used in each of the individually mapped data 

points. 

The Microsoft linear regression trend-line corresponds to a two-variable power-

law function over four orders of magnitude in both x-axes and y-axes: with y-axes 

intercept c = 0837, and exponent n of 0.764 and R2 = 0.6643. A number of remarks 

about the linear mathematical analysis may be made.  

First, the variance in the data as expressed by the R2 = 0.6643 should not be 

considered a poor reflection of the linear fit as there is no mathematical knowledge of 

the selective heating present in each data point. That is, each data point represents the 

outcome of the complex dipolar, ionic conduction and metal induced eddy currents 

occurring within the suspension subjection to microwave irradiation. 

Second, the trend-line splits the data into 24 points above and 26 below with a 

total ± data summation = 500 kJml−1. 

Third, the trend-line y-axes intercept is not real due to the cavity-magnetron 

warm-up period which approximates to 3 to 5 s [5], Law (1998) [88], and Geedipalli 

et al. [89]. For example, a 800 W rated cavity-magnetron operating in CW mode, the 

process energy budget lower limit (xmin) equates to 2.4 kJ. 

Fourth, in log-linear space 3-Sigma mathematics can emphasis outliers that can 

be attributed microwave applicator-type and chemistry? Whereas in log-log space 

outliers that are far away from the origin are compressed resulting in the underlay 

chemical function is emphasis over many orders of magnitudes. 

6.1. Ranked residual error analysis of database B 

To access the underlying dynamic and structure of Database B, the 0-model 

(which take the form of the fitted trend-line) is further explored. The task here is to 

find data points that are far away (outliers) from the 0-model and give the outliers a 

specific attachment chemistry or microwave applicator-type meaning. The first step in 

this process is to normalize the 0-model values to zero to form an identity-line. The 

second step is then calculate the residual error (RE) as in Equation (8), where Pv is the 

0-model predicted value and Ov is the observed experimental value. 

𝑅𝐸 = 𝑃𝑣 − 𝑂𝑣 (8) 

The RE values are the ranked in order of magnitude (from minus to positive) and 

plotted sequentially against the identity-line in linear space [7] and Dong [90]. The 

advantage of representing Database B in this way is that outliers are moved to the 

extremes of the identity-line sequence and their magnitude off-set from the identity-
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line makes them easily identified. This method naturally highlights gross off-sets and 

points the researcher to further inspects the experimental data behind the outlier. This 

representation however tends to smooth-out small phase-transitions, thus the process 

is used as a data point filtering process where the degree of the outlierness is measured 

relative it neighbors. 

Figure 4 shows the rank plot of 50 data points with the following annotation. 

Note how the data forms a smooth 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 TCMC applicator group is spread out to the left, the Digestion applicator 

groups are spread to the right. The two ERTEC applicator data points are ranked two 

and thirty-one with diffidence values of −15.745 kJ.ml−1 for binary oxide ZnO, and 

+3.01 kJ.ml−1 for monometallic Pt. The ZnO synthesis also has an approximate E-Fm 

value of 20.7. 

 

Figure 4. Database B; applicator-type ranking according to their difference from the 

model identity-line. Open circles (MO H2O) represent the non-thermal microwave 

dielectric volume heating within a microwave oven. Blue circles TMC applicators. 

Black circles ERTEC applicators. Green circles microwave oven applicators. Red 

circle Mileston and MicroSYNTH plus Digestion applicator. Red circles represent 

MARS-5 and MARS-6 Digestion applicators. Large yellow circles Discover® batch 

and continuous flow applicators. Reproduced and updated from Law and Dowling 

[7]. 

The large yellow filled data points ranked eighth with a difference of −3.351 

kJ.ml−1 represents the Discover® applicator operating in the batch mode for the 

synthesis of Pd supported on carbon framework nanostructure with an E-Fm of 21 to 

25. Whereas as the large yellow filled data point ranked twenty seven with a difference 

of +0.436 kJ.ml−1 represents the Discover® applicator (operating in the continuous 

flow mode) synthesis of monometallic Au nanostructure with an approximate E-Fm 

value of 106. Between the Discover® data points, the ranked 15 data point a plant-

based biomass synthesis of Ag with an approximate E-Fm value of 1116. 

Note also that the MO H2O group is positioned in the middle of the ranked data 

and close to model identity-line. With H2O considered as a Green Chemistry universal 

polar solvent, this unique reference position, again highlights the reason why H2O-
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MO data is used as comparative reference to the transition metal nanostructure data 

points. 

7. Allometry scaling of microwave-assisted synthesis database B 

Since the pioneering of Huxley and Teissier [17,18], Kleiber [91], and Kleiber 

[92] the debate on the underlying mathematics of allometry scaling of heat transfer 

processes has been on going, and is now used in other fields of research [16,90], 

Gillooly [93], Downs [94], Rue [95], Agutter and Tuszynski [96], Niklas and 

Kutschera [97], and Lamont et al. [98]. Law and Dowling [7,8] successfully used 

allometry scaling for the probing the dynamics and structure of microwave-assisted 

synthesis Database B. In particular the use of novel non-linear dual allometry test that 

bracket recommend Green Chemistry within the dataset. This section presents a dual 

allometry Green Chemistry discrimination test with extension to group the final 

product into monometallic, compound metal nanostructures. Non-thermal microwave 

dielectrically heated H2O is used a control comparison. The non-linear test employs 

an upper power function and a lower power function that brackets a portion of the 

dataset. The primary assumption here is that both power functions have the same y-

intercept value.  

7.1. Group IV ZnO 

Figure 5 shows ten ZnO compound nanostructure data points are with an upper 

exponent = 0.9 and a lower exponent = 0.57. The first feature of note is that the original 

Database B trend-line (exponent = 0.7837 bisects the data points; two data points 

above and eight data points below, all of which are tightly grouped within 72 to 900 

kJ process energy budget range. 

 

Figure 5. Log-log energy phase-space projection of seven ZnO and two AgZnO 

(green), and one Co doped ZnO (blue) nano-flower structures. Square = TCMC 

applicator, diamond = ERTEC applicator, and triangle = Digestion applicator. Green 

circles = Microwave oven heating of water. Allometry scaling: red line = exponent of 

0.9, blue trend-line = exponent of 0.57, and thin black line = original trend-line with 

an exponent of 0.764. Reproduced and updated from Law and Dowling [8]. 
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In the 0.7837 to 0.9 exponent region two microwave-assisted syntheses are 

located in the 72 to 126 kJ process energy budget range with an upper exponent 

between 0.85 to 0.9. In this group Cao et al. [22]) employed a LG-MS-2079T 

microwave oven for the Green Chemistry synthesis of flower-like ZnO nano-sheet 

aggregates (green circle). Krishnapriya et al. [27] also employed a Anton-Paar 

(Microwave Pro) Digester applicator for a microwave-assisted hydrothermal process 

(using Zn(CH3COO)2H2O + NH3 in H2O at a formation of ZnO jasmine-like 

nanostructures (green diamond).The main process parameters for this reactions was as 

follows: initial TB = 50 ℃then ramped up to TB = 125 ℃ at a autogeneous pressures 

up to 80 bar. 

In the exponent 0.57 to 0.7837 region six microwave ovens processes are located 

in the 120 to 380 kJ process energy budget range. These are: Li et al. [23] used caustic 

NaOH to reduce Zn(CH3COO)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). And Cao et al. [24] who used 

C2H5NO2 and H2O to reduce Zn(CH3COO)2H2O to form flower-like nanostructures 

within a Galanz microwave oven (green filled circle). Hasanpoor et al. [26] used a LG-

MS1040SM microwave oven for microwave hydrothermal synthesis of ZnO flower-

like structures. In their reaction toxic and farmable hydrazine hydrate is mixed with 

H2O is used to reduce Zn(CH3COO)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. [30] used a unsealed reflux apparatus to heat a mixture 

of AgNO3 and ZnO precursors plus C2H4(OH)2 and caustic Na2O2 within an 

unspecified microwave oven for microwave-assisted hydrothermal synthesis of 

bimetallic Ag and ZnO nanostructures at TB ~ 200 ℃. Here it can be assumed that the 

reflux apparatus exit aperture was at 1 bar atmospheric pressure (green filled circle 

with black ring). Aljaafari et al. [31] used caustic KOH to reduce Zn(CH3COO)2H2O 

within an unspecified Samsung microwave oven (green filled circle with black ring). 

Finally, Cai and Hung [32] used a P70D10P-TE Galanz microwave oven to synthesis 

ZnO flower-like nanostructures (green circles). Grouped to the right at a process 

energy budget range of 900 kJ are two microwave syntheses. Li et al. [25] used a 

TCMT applicator for synthesis of ZnO flower-like nanostructures (green square), and 

Wojnarowicz [29] used an ERTEC microwave applicator for microwave-assisted 

solvothermal synthesis of bimetallic (Co doped ZnO) compact “cauliflower” 

nanostructures (blue triangle). 

7.2. Group V: Pd and Ag 

Figure 6 depicts the microwave-assisted synthesis energy phase-space for five 

Pd nanostructures [33–35], and fourteen Ag nanostructures [36–47]. The most striking 

feature of these nineteen data points is an elongated cluster over three orders of 

magnitude along original trend-line. 
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Figure 6. Log-log energy phase-space projection of five Pd (grey and star) and 

fourteen Ag (black) nanostructures. Star = Discover® applicator, circle = Microwave 

oven applicator, square = TCMC applicator, diamond = ERTEC, and triangle = 

Digestion applicator. Green circles = Microwave oven heating of water. Allometry 

scaling: red line = exponent 1.01, blue line = exponent 0.57, and black line = original 

trend-line with exponent = 0.764. Reproduced and updated from Law and Dowling 

[8]. 

In the case of the Pd nanostructure data, there are two applicator-types 

represented: an unspecified microwave oven rated with a 1 kW CW cavity-magnetron 

(grey filled circle) [33,34], and a Discover® applicator (star) [35]. The unspecified 

microwave oven employs flammable and toxic hydrazine hydrate as a reducing 

reagent in the synthesis of PdFe, PdCo and PdNiOH frameworks (plates) [33], and 

PdCuO frameworks [34]. Together their energy phase-space coordinate are closely 

aligned (−0.36, + 3.3, +5.5 and +17 kJml−1) to the original data trend-line (Large grey 

filled circles with black ring). Whereas the Discover® applicator employs an axial field 

antenna to create the electromagnetic field processing zone [35]. Here the synthesis of 

Pd on carbon framework nanostructures have an energy phase-space coordinate of 120 

kJ and 0.6 kJml−1 and lies at the lower boundary exponent = 0.57 (large grey star), 

and an approximate E-Fm value of 21 to 25. The solvent used to post-wash the Pd 

nanostructure has a low toxicity, thus the synthesis is positioned within the 

recommended Green Chemistry group. 

An examination of the fourteen Ag data points reveals they are divided six above 

and eight below the original data trend-line, with one just above the upper exponent = 

1 [40]. The latter being a one-pot microwave-assisted synthesis with C20H24O6 acting 

as both a reducing and stabilizing reagent within a Samsung CE2877 domestic 

microwave. Here the cavity-magnetron is rated at 850 W and used at 35.3% duty cycle 

(300 W) for 180 seconds. 

The Ag data between the original rend-line and the upper exponent = 1 comprises: 

one microwave oven and four Digestion applicators. For instance, Ahmed et al. [47] 
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uses oxalic acid (C2H2O4) and cetyltrimethyllammoiumbromide (C19H42BrN) within a 

Samsung microwave oven to reduce AgNO3, for the synthesis of Ag spherical 

nanostructures. Miglietta et al. [45]), used C2H6O2 with an Anton-Parr Multiwave 

applicator for synthesis of Ag decorated graphene nanostructures. For more 

information on this process see Alfano et al. [99]. Liu et al. [52] employs a MARS-5 

Digestion applicator for synthesis of Ag nano-rods using Na3C6H5O7 and Au seeds at 

100 ℃. Blosi et al. [37] employs a claimed ‘eco-friendly’ for the synthesis AgAu core-

shells using glucose (C6H12O6) to reduce HAuCl4 within a Milstone SYNTH plus 

digestion applicator. Rai et al. [41] uses the Green Chemistry hydrothermal method 

for the synthesis of Ag@SnO2 core–shells within a MARS-5 Digestion applicator for 

microwave hydrothermal process (operating temperature = 90 ℃, 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).  

Now consider the Ag data points between the original trend-line and the lower 

exponent = 0.57. In this region there are three microwave ovens and five TCMC 

applicators synthesizing Ag nanostructures. The microwave oven syntheses are as 

follows: Saha, et al. [38] uses the ‘eco-friendly’ osmium leaf extract for the synthesis 

monometallic Ag nanostructures with a approximate E-Fm value of 1116. Iqbal et al. 

[39] used C19H42BrN in diammonium hydrogen phosphate for substitution of Ca for 

Ag to form hydroxyapatite (AgHa, large black filed circle) nanostructures. Jyothi et al. 

[46] used Coleus amboinicus leaf extract synthesis of Ag nanostructures (black filled 

circle). 

The TCMC applicators are: Chen et al. [36] employs theTCMC-102 for ‘Green’ 

syntheses of Ag nanoparticles with carboxymethyl-cellulose sodium (C8H15NaO8) as 

the reduction and capping reagent (black filled square). Karimipour et al. [42] used a 

Shikoku Keisoku SMW 06 fitted with a reflux apparatus for synthesis of Ag 

nanoparticles (black filled square). The synthesis used dimethylformamide (C3H7NO) 

as the reducing reagent and oleylamine (C18H37N) as the capping reagent. Ebrahimi et 

al. [43] used the same TCMT applicator for the synthesis of AgTiOs core-shells (large 

black filled square). Their synthesis used ethanol as the solvent and 

Polyvinylpyrrolidone-40 ((C6H9NO)40) as the reducing reagent. Karimipour et al. [44] 

also used the same TCMT applicator for synthesis of AgSiO2 core-shell nanoparticles 

(large black filled square). In this synthesis ethanol and C6H9NO was used. Again from 

a recommended Green Chemistry claim, nine publications may be considered 

[37,38,40–46]. Iqbal et al. [39] and Ahmed et al. [47] used the surfactant.C19H42BrN 

which in the non-Green Chemistry hazardous group. 

7.3. Group VI: Pt and Au 

Figure 7 depicts the microwave-assisted energy phase-space of sixteen 

synthesized Pt and Au nanostructures. The upper exponent = 0.95 to intercept the 

highest kJml−1 data point, and the lower exponent = 0.7. Here the narrowing boundary 

limits indicates a reduced process energy density bandwidth as compared to the ZnO 

and the Pd and Ag group. 
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Figure 7. 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. Green circles = Microwave oven heating of water. Allometry scaling: red line = 

exponent 0.95, blue line = exponent 0.7, and black line = original trend-line with exponent = 0.764. Reproduced and 

updated from Law and Dowling [8]. 

Consider first the four Pt nanostructures data points (red filled circles, triangle 

and diamonds). Li et al. [48] employed a MARS-5 Digestion applicator using the 

solvothermal synthesis process at a temperature of TB = 90 ℃, and autogeneous 

pressure < 200 psi to produce nano-rods (red triangle with green ring). Kundu et al. 

[49] employed an unspecified microwave oven using C2H4(OH)2 to synthesis Pt on a 

graphene framework nanostructures (large red filled circle with green ring). Pal et al. 

[50] employs a Samsung CE2877 microwave oven using a mixture (C6H9NO)n and 

C6H12O6 to synthesis Pt nanostructures (red filled circle with green ring). Wojnicki et 

al. [51] used the ERTEC applicator working at between 25 to 225 ℃ and autogeneous 

pressure of 45 to 50 bar (red diamond with green ring). These syntheses are located 

close to the original Database B trend-line with values of: − 0.124, + 2.324, + 3.01 and 

+ 25 kJml−1, respectively. 

The twelve synthesized Au transition metal nanostructures [37,52–61] are 

depicted with yellow filled circles to depict spheres, and cross with yellow background 

to depict nanostructure other than spheres. A green outer ring indicates claimed Green 

Chemistry. 

The lowest process energy budget reported here is Bayazit et al. [56] who used 

the Discover® applicator operating in the continuous-flow mode (residence time () 

typically between 1.5, 0.85, and 0.6 min) to grow Au nano-rods (star with yellow 

background). In this synthesis HAuCl44H2O is reduced using Na3C6H5O7 diluted in 

distilled H2O at an applied power of 36 W to yield a E-Fm = 106. 

The cluster in the 16 to 64 kJ process energy budget range corresponds to 
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domestic microwave ovens used to synthesize Au nanostructures. In this cluster, 

Mallikarjuna and Varma [53] used an inverter circuit [100] to produce 1000 W with a 

35 to 45 s illumination time within an unspecified Panasonic microwave oven using 

the ‘eco-friendly’ reactants maltose and sucrose to reduce HAuCl44H2O. Yasim et al. 

[54] used hibiscus rosa-sinensis leaf extract to reduce HAuCl4 within an unspecified 

domestic 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 nanoparticle 

size and shape. Bhosale et al. [55] used a LG intellowave™ sensor microwave oven 

(model unspecified) to synthesis both spherical and flower-like nanoparticles. Their 

‘Greener’ synthesis used the high boiling point (189 ℃) lower vapor pressure (0.556 

mbar) dimethyl sulfoxide (C2H6OS) to reduce HAuCl4. At increasing cavity- 

magnetron duty cycle, they found that at approximately 30 kJ process energy budget 

they produced flower-like nanostructures and at an increased energy budget of 64 kJ 

they produced spherical nanostructures (green circle). Ngo et al. [56] and Ngo et al. 

[61] used Na3C6H5O7 in H2O to reduce HAuCl4 within an EMM1908W Electrolux 

microwave oven. At 210 W and an approximate process energy budget of 64 kJ and 

process energy density of 3.2 kJml−1 that yielded spherical nanoparticles. Shah and 

Zheng [58] 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 kJml−1 (yellow filled circle, black ring). Putri 

et al. [60] used a one-pot synthesis of white bol guava 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 

kJml−1. Blosi et al. [37] used the Milstone SYNTH digestion applicator that employs 

two cavity-magnetrons to synthesis Au core bimetallic Au-Ag particles. In this ‘Green’ 

synthesis HAuCl4 is reduced by C6H12O6 in alkaline H2O at TB = 90 ℃. The cavity-

magnetron applied power was ramped-up and held at a TB = 80 ℃, as determined by 

software that controls the power level for 300 s. Finally, Marinoiu et al. [59] used an 

‘eco-friendly’ one-step hydrothermal process (800 W, TB = 60 to 80 ℃) to synthesize 

Au nanostructures supported on a graphene oxide within a MARS-6 Digestion 

applicator (large yellow filled diamond with green outer edge). Finally out of these Pt 

and Au syntheses [37,53–57,59–61] may be placed in the recommended Green 

Chemistry group. 

7.4. Compilation of transition metal synthesis 

Figure 8 shows the microwave-assisted energy phase-space for the three 

chemistry groups along with four E-Fm calculated examples (large filed circles) as a 

guide a lower exponent = 0.66 and a upper exponent = 0.87 is used. 
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Figure 8. Log-log energy phase-space projection of Green Chemistry (green circles), 

problematic group (tan circles), non-Green Chemistry hazardous group (black 

circles). The open green circles = Microwave oven heating of water. Allometry 

scaling: red line = exponent 0.87, blue line = exponent 0.66, and black line = original 

trend-line with an exponent = 0.764. The annotated letters M, Y, and P correspond to 

Mallikarjuna and Varma [53], Yasmim et al. [54], and Purti et al. [60]. Reproduced 

and updated from Law and Dowling [8]. 

The first feature of note here is that the recommended Green Chemistry group 

ranges from the non-thermal-microwave heating studies at the bottom left to the 

hydrothermal and solvothemal synthesis in the upper right; with C6H12O6, and 

C12H22O11) [53], hibiscus rosa-sinensis leaf extract [54], and white bol guava leaf 

extract [60] in the mid energy range. The second feature is that the bacterial 

exopolysaccharide used to reduce HAuCl4 to Au nanostructure is expected to be in this 

region; however, there is insufficient data to plot this synthesis [86]. 

The second feature of note is that the two exponents 0.66 and 0.87 bracket the 

non-Green Chemistry hazardous synthesis range over two orders of magnitude (10 to 

100 kJ). In addition, the problematic Green Chemistry group exhibits a tight grouping 

between 37.5 and 200 kJ with the upper exponent close to 0.94 and the lower exponent 

close to 0.64, or 0.02 from the non-Green chemistry hazardous lower exponent. 

The third feature of note is the four 50% metal yield E-Fm data points (large green 

circles) are located in the recommended Green Chemistry group bracketed by the 

exponent = 0.87 and exponent 0.57. Inspite of this the monometallic Ag and Au 

nanostructures are located in the 5 to 100 kJ regions, and the ZnO, and Pd supported 

on carbon framework are in the 100 to 1000 kJ regions. In contrast to the rank plot, 

the energy phase-space projection shows that E-Fm value decreases with increasing 

process energy budget there is discrimination between microwave applicator-type and 

reactants. In order to thoroughly understand this outlook further investigation is 

required. 
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8. Summary 

This work has brought together four published articles on the subject of 

microwave-assisted synthesis of transition metal (monometallic, bimetallic, and metal 

supported on carbon framework) nanostructures [5–8]. The focus of the working is to 

study the underling dynamic of transition metal (Zn, Pd, Ag, Pt Au) processing data 

contained within Database B. It is implicit in this work that the microwave energy 

process is ‘Green’ with respect to traditional (thermal) process. But how ‘Green’ is one 

microwave process compared to another is investigated here. For this reason 

microwave applicator-type, metal precursor, reactant, solvent, target product, and 

waste are displayed in a log-log process energy phase projection. Fifty synthesized 

transition metals syntheses reported on, that yield a power-law signature of y = 

0.3293x0.846, R2 = 0.7923 over four orders of magnitude. 

Residual error analysis of the power-law signature is used to indentify outliers. 

Outlier found in the high process energy and energy zone of the energy phase-space 

projection are linked to microwave digestion type microwave application-type. 

Mass-based E-Fm metrics has been used to evaluate the ‘Greenness’ of one-step 

(facile) microwave-assisted synthesis of solid spherical or oval-like monometallic 

ZnO, Ag and Au, and Pd supported on carbon framework nanostructures. For 50% 

metal yield, it is generally shown that the monometallic nanostructures have E-Fm 

values from 100 to 1000, where the upper value is determined by the amount of 

reducing reagent and solvent used: this being particularly true for plant-based 

synthesis. Palladium supported on carbon frameworks has a relatively low E-Fm value 

in the 10 s, due to the reactants are incorporated into the metal nanostructure product. 

A dual allometry discrimination test has been developed. The main discrimination 

test outcomes are:  

First transition metal period and row 

‘Green Chemistry’ microwave-assisted synthesis of ZnO nanostructures exhibit 

a broad y-axes distribution within an allometry upper exponent = 0.9 and lower 

exponent = 0.57, the intercept of both boundaries are aligned to a power-law signature 

y-axes intercept 0.7837. Non-Green Chemistry microwave-assisted synthesis of ZnO 

nanostructures exhibit a narrower bandwidth between exponent = 0.764 and exponent 

= 0.57. 

Second transition metal period and row 

The Pt and Ag nanostructure synthesis fall within the upper boundary exponent 

= 1 and the lower exponent = 0.57. Only one data point is positioned at exponent = 1. 

Third transition metal period and row 

The majority (fifteen) of the Pd and Au nanostructure synthesis fall within the 

upper exponent = 0.95 and lower exponent = 0.764. Only one Au synthesis is below 

the original trend-line at an exponent = 0.7. 

With regard to Recommended Green Chemistry test, the data (H2O and 

C2H4(OH)2) exhibits a broad y-axes distribution within an exponent = 1 and exponent 

= 0.5. Simple lightweight caustic chemicals (KOH, NaOH and Na2O2) are that are 

placed in the problematic Green Chemistry group exhibits a narrower distribution on 

the y-axes within an exponent = 0.94 and exponent = 0.64. And finally, Non-Green 

Chemistry hazardous solvent data (organic-bromide and flammable/toxic hydrazine 
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hydrate) exhibits a further narrowing of the y-axes distribution within the exponent = 

0.87 and exponent = 0.66. 

9. Outlook 

The use of energy phase-space projection along with mass-based E-Fm metrics 

environment allomety discrimination test allows researchers to test their microwave-

assisted synthesis in term of energy use and greenness. Both criteria are important in 

sustainable development in chemical processing. The metrics discussed in this works 

does not include the environmental impact of the generated waste. Where the 

generated waste contains non-consumed transition metal this is an environment 

concern and ways to incorporate an environmental metric needs further investigation. 
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