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Abstract 
Microwave-assisted synthesis of gold and silver nanoparticles, as a function of 
Green Chemistry, non Green Chemistry, and four applicator types are re-
ported. The applicator types are Domestic microwave ovens, commercial 
temperature controlled microwave chemistry ovens (TCMC), digesters, and 
axial field helical antennae. For each of these microwave applicators the 
process energy budget where estimated (Watts multiplied by process time = 
kJ) and energy density (applied energy divided by suspension volume = 
kJ⋅ml−1) range between 180 ± 176.8 kJ, and 79.5 ± 79 kJ⋅ml−1, respectively. The 
axial field helical field antenna applicator is found to be the most energy effi-
cient (0.253 kJ⋅m−1 per kJ, at 36 W). Followed by microwave ovens (4.47 ± 3.9 
kJ⋅ml−1 per 76.83 ± 39 kJ), and TCMC ovens (2.86 ± 2.3 kJ⋅m−1 per 343 ± 
321.5 kJ). The digester applicators have the least energy efficiency (36.2 ± 50.7 
kJ⋅m−1 per 1010 ± 620 kJ). A comparison with reconstructed ‘non-thermal’ 
microwave oven inactivation microorganism experiments yields a power-law 
signature of n = 0.846 (R2 = 0.7923) four orders of magnitude. The paper 
provides a discussion on the Au and Ag nanoparticle chemistry and 
bio-chemistry synthesis aspects of the microwave applicator energy datasets 
and variation within each dataset. The visual and analytical approach within 
the energy phase-space projection enables a nanoparticle synthesis route to be 
systematically characterized, and where changes to the synthesis are to be 
mapped and compared directly with historical datasets. In order to help iden-
tify lower cost nanoparticle synthesis, in addition to potentially reduce syn-
thesis energy to routes informed changes to potentially reduce synthesis 
energy budget, along with nanoparticle morphology and yield. 
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Nanoparticle, Functionalization, Energy Phase-Space Projection 

 

1. Introduction 

Gold (Au), silver (Ag) particles with a grain size < 100 nm in at least one dimen-
sion are collectively part of the noble metal nanoparticle family that exhibit unique 
properties when compared to bulk materials. Today (2023) noble metal and ce-
ramic nanoparticles are designed with specific optical, electrical, magnetic, chemi-
cal, and bioactive properties that can be used in medical therapy, drug delivery, 
biosensors, bone replacement, and gas reactors. Their high surface-to-volume ra-
tio also imparts unique catalytic properties. Although nanoparticle synthesis has 
been performed for centuries [1], perhaps the most well-known form of colloidal 
Au nanoparticle synthesis used today is the one-pot chemical Turkevich method 
[2]-[6]. A simple representative balanced aqueous equation for the synthesis for 
Au seed particles (Au0: typically 1.5 nm in diameter, and approximately 850 
atoms) is presented in Equation (1). This equation depicts the chemical reduc-
tion of HAuCl4 to Au0 using Na3C6H5O7 as the reduction agent. 

4 2 3 6 5 7 2
0

2 6 5 7 2

HAuCl 4H O Na C H O 18H O

Au H 3Na 4Cl 21H O C H O H O+ + −

⋅ + +

→ + + + + + ⋅
         (1) 

3 6 5 7Na C H O0Au AuNP→                      (2) 

The growth of Au nanoparticles (AuNP) from an Au0 seed is given in Equa-
tion (2) where the size of the Au nanoparticle 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; con-
sequently aggregation occurs resulting in an increase in AuNP size and size dis-
tribution, both of which are accompanied by a variety particle morphologies. 
However, at large Na3C6H5O7 concentrations, the Au0 seed particles have a high 
probability of reacting with a Na3C6H5O7 molecule and are quickly stabilized 
with 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 na-
noparticle growth. Naturally, particle growth stops when all the HAuCl4 is con-
sumed in the reaction. Alternatively for Ag nanoparticle synthesis, the Au pre-
cursor is normally replaced with silver nitrate (AgNO3) in the presence of a sta-
bilizing agent. 

Further development of the one-pot Turkevich method has been to separate 
the reduction stage from the growth stage using a two-step process that is com-
monly known as the seed-mediated growth method. In the first step, a reduction 
agent is used to form Au0 seeds from the Au precursor. These seeds are then in-
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duced to either grow with an anisotropic structure (cube, flower, hexagon, wire, 
or rod) or as an isotropic sphere by selecting a suitable stabilizer or surfactant 
agent that caps and protects the nanoparticle. The search for alternative 
eco-friendly biological reduction agents (bacteria, fungi and algae) is currently 
being investigated through the twelve principles of Green Chemistry. The first 
three are: 1) Prevent waste, rather than clean it up. 2) Maximize the use of the 
materials within the process. 3) Use less and generate less hazardous/toxic ma-
terial (Grewal et al. (2013) [7]). More recently, phytonanotechnology which re-
fers to the use of biochemical molecules (alkaloids, flavonoids, proteins, poly-
saccharides, cellulose, and phenolic compounds [8]) has been investigated. Plant 
extract are gaining attention for this application, due to the plentiful supply of 
cheap raw material, the reduction of toxic waste, and the claimed need for li-
mited purification within the biochemical extraction process prior to the noble 
metal reduction and stabilizing steps. Keeping within the area of bio-technology, 
nanoparticles have also been functionalized for biological drug systems (Amina 
et al. (2020) [9]), and nucleic acid delivery systems (Huang et al. (2022) [10]). 
Away from synthesis of nanomaterials, microwave steam generated decontami-
nation of respirator falls into the twelve principles of Green Chemistry (Law et 
al. (2021) [11]). 

With Au and Ag nanoparticle expanding applications, it is increasingly hig-

hlighted that stringent controls of the synthesis variables (bulk temperature, concentra-

tion, pH, solvent medium, and process time) is required. Other non-chemical synthe-
sis routes include: -irradiation [12], photochemical synthesis [13]. However mi-
crowave-assisted synthesis [14]-[40] is considered to be a crucial energy source 
for the Green Chemistry revolution. Therefore a number of microwave-assisted 
applicators types have been investigated, that comes in the form of mono-mode 
cavity [14], and turntable loaded multimode applicators [15]-[21], unmodified 
domestic microwave ovens [22]-[35], temperature controlled microwave chemi-
stry (TCMC) ovens [36]-[40], and axial field helical antenna [41]. The unmodi-
fied domestic microwave oven has attracted much interest due to its low cost of 
ownership and widespread availability for microwave-assisted synthesis of Au 
nanoparticles [22]-[31], Ag nanoparticles [27] [32]-[40], and Ag substituted hy-
droxyapatite (AgHA) nanoparticle: the latter being used as bone filler and coat-
ings on metal prosthesis [33]. 

The investigation highlights above demonstrates how a range of Green Che-
mistry and non Green Chemistry for microwave-assisted synthesis of Au and Ag 
nanoparticles, along with AgHa over the last 20 years. For Green Chemistry, one 
objective has been to replace organic-sodium and organic-bromine with non-
toxic reducing agents and stabilization agents, plus replacing solvents such as 
ethanol with water. The challenge in the latter is the reduction in the polarity 
index of the solvent (ethanol = 5.2, water = 9 [5]) which plays a critical role in 
the growth and assembly of the nanoparticle. Given this focus on the chemistry 
and bio-chemistry aspects of the microwave synthesis, little information has 
been conveyed regarding the impact of the microwave applicators and their 
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power source on the synthesis. Indeed in some of the publications, the micro-
wave applicator model has been incorrectly identified [33], unspecified [23] [25] 
[27] and [31], or the text relating to the duty cycle is ambiguous [24] [34]. To 
scale-up, or, scale-out, such microwave-assisted synthesis from milligram quan-
tities, a working knowledge of the microwave applicator impact needs be to un-
derstand, and the knowledge gained integrated into the already accepted synthesis 
variables: bulk temperature, concentration, pH, solvent medium, and process time. 

The aim of this work is twofold. The first is to apply both quantitative and qu-
alitative analytical tools to investigate historical data within the scientific publi-
cations pertaining to microwave-assisted synthesis of Au and Ag nanoparticles. 
The approach is extended to the microwave applicator types: the domestic mul-
timode microwave oven, commercial multimode microwave digestion applica-
tors, and the axial field helical antenna applicator. All of these applicators are 
auto-impedance-tuned, and therefore do not require in-depth electrical engi-
neering knowledge to operate them. The second aim is to extract and assemble 
process energy budget and process energy density data. The more specialized 
and relatively costly mono-mode applicators that rely on waveguide E- and 
H-tuning devices and isolators are outside the scope of this work. This work re-
visits 13 publications pertaining to microwave-assisted synthesis of Au nanopar-
ticles and 16 publications pertaining to the microwave synthesis of Ag nanopar-
ticles; a total of 29 publications. The study is constructed as follows. Section 2 
details the reporting of microwave-assisted energy parameter data in the context 
of the domestic multimode microwave oven, the commercially modified micro-
wave ovens, multimode microwave digesters, and the axial field helical antenna 
applicator. These applicators may be either operated in the continuous flow 
(CF), or in the batch mode. In all cases, the microwave power source operates at 
a frequency of λo = 2.45 ± 0.05 GHz (~12.2 cm). Section 3 compares their nano-
particle energy phase-space projection with “non-thermal” batch micro-
wave-assisted inactivation of microorganism energy phase-space projections 
[42]. Section 4 is a summary and outlook of this work. To the aid the reader, the 
Appendix provides a list of the names of the chemical, biological and plant leaf 
extracts referred to in this work, along with their common abbreviations, mole-
cular formula, and their general purpose of use. 

2. Reporting of Microwave-Assisted Energy Parameter Data 

As with all historical datasets collected from different research sources, experi-
mental conditions are not always reported in a consistence manner. This study 
pulls together the reported microwave parameters, and where necessary clarifies 
the information using microwave engineering terminology. Given that the sixth 
principle of Green Chemistry is to minimize electrical energy requirements and 
operate at ambient room temperature and pressure, the historical data is stan-
dardized in terms of power (W, J⋅s−1); process energy budget (kJ); process energy 
density (kJ⋅ml−1); and bulk temperature (˚C). The collected data is then used to 
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build a comparative energy phase-space projection [42] [43] of the micro-
wave-assisted synthesis, in terms of Green Chemistry, non Green Chemistry, 
nanoparticle morphology, and applicator type. Where the published data is in-
sufficient to calculate the standard units of measurement, the outcome of private 
communication with authors of the original publications is given in the text. Er-
rors in historical reporting of microwave applicators are corrected using online 
manufacturer’s manuals and highlighted with *. Where the microwave parame-
ters are partly reported, this is highlighted with **. Where the microwave appli-
cator is given, but ramp time or duty cycle information is confusing, this is hig-
hlighted with ***. 

2.1. Domestic Microwave Oven 

Today’s low cost (typically 60 to 70 euro in 2023) domestic multimode micro-
wave oven has its origins in P.L. Spencer’s method of treating foodstuffs, US Pa-
tent 2,495,429 (1950) [44]. These ovens are primarily designed to defrost and 
heat foodstuff using a free-running cavity-magnetron operating at a frequency of 
f0 = 2.45 ± 0.05 GHz [45] [46]. In many cases, the cavity-magnetron employs a 
Feinberg voltage-doubler drive circuit [47] that controls the cavity-magnetron 
voltage and hence the cavity-magnetron rated instantaneous or continuous wave 
(CW) output power. For this type of applicator, the cavity-magnetron average 
output power is normally controlled by a pulse-width-modulation (PWM) cir-
cuit that sequentially turns on (Ton period) and turns off (Toff) the line-voltage at 
the step-up side of microwave oven transformer (MOT). The result is a time- 
modulated power waveform that is expressed as a duty cycle, where Ton plus Toff 
equals the base-time, and Ton minus base-time equals the duty cycle. This is a key 
aspect of the oven’s ability to provide macro control of the dielectric volume heat-
ing of foodstuff, or in this case microwave-assisted synthesis of Au and Ag nano-
particles and their functionalization. For example, Table 1 shows the relationship 
between Ton, Toff and base-time and average output power of cavity-magnetron 
within the Bluesky (model BMG20-8) domestic microwave oven [42]. 

With reference to Table 2: in 2007, Nadagouda et al. [22] used an inverter 
circuit [49] within an unspecified Panasonic microwave oven to reduce HAuCl4 
using α-D-glucose (C6H12O6), maltose, and sucrose (C12H22O11). Here the inver-
ter circuit converts the mains supply frequency (50/60 Hz) to a variable rate of 
some 20 to 45 kHz and by varying this frequency the cavity-magnetron output 
power is linearly controlled, in this case, 1000 W for 30 and 45 s to achieve the 

 
Table 1. Bluesky microwave oven manufacturer’s thermal power specification and acous-
tic recording timestamp data were obtained for Ton, Toff, base-time period, and duty cycle. 

Bluesky power setting Measured Ton (s) Measured Toff (s) Toff + Ton (s) D (%) 

70%, 560 W ~21 ~9 30 to 31 ~70 

55%, 440 W ~16.5 ~13 30 to 31 ~55 

33%, 264 W ~11 ~20 30 to 31 ~33 
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Table 2. Microwave oven batch microwave-assisted synthesis of Au nanoparticles. Rows shaded in green highlight Green Chemi-
stry synthesis. 

Author 
Reduction 

Method 
Metal 

precursor 
Reducing reagent 

Power (W) 
[D %] 

Process 
time (s) 

Morphology 

Nadagoudà 
(2007) 

[22] 

One-pot 
Panasonic 

Inverter circuit 
Rated 1 kW 

HAuCl4⋅4H2O 
α-D-glucose 
and sucrose 

Maltose 

1000 
[100] 

30 
45 

Spherical 
Cubes, hexagons, 

prisms 

Yazmin 
(2014) [23]** 

One-pot 
MO unspecified 

HAuCl4⋅4H2O 
Hibiscus 

rosa-sinensis leaf 
extract 

420 90 
Spherical 

16 to 30 nm 

Ngo et al. 
(2015) [24] 

One-pot 
Electrolux 

EMM1908W 
Rated 700 W 

HAuCl4⋅4H2O 
Na3ct 
H2O 

210 
[30] 

600 
Spherical 

12 to 15 nm 

Bhoslae 
(2015) [25]** 

One-pot 
LG Intellowave, 

Rated 800 W 
HAuCl4⋅4H2O DMSO 

800 
[50] 

120 
180 

Nanoflowers 400 nm 
Spherical 400 nm 

Ngo et al. 
(2016) [26] 

One-pot 
Electrolux 

EMM1908W 
Rated 700 W 

HAuCl4⋅4H2O 
Na3ct 
H2O 

210 
[30] 

300 
Triangle 

14 to 22 nm 

El-Nagger et al. 
(2016) [27]** 

One-pot 
Galanz (xxx) 

Rated note given 
HAuCl4 Curdlan Not reported 

120 to 
600 

Au core shell 
52 to 54 nm 

Shah et al. (2019) [28] 
Sharp R202ZS 
Rated 800 W 

HAuCl4⋅4H2O 
MPTMS 

H2O 
800 

[100] 
60 

Hexagonal 
100 to 300 nm 

Hussein et al. 
(2020) [29]** 

Second step 
MO unspecified 

HAuCl4⋅4H2O 
Dextran 

H2O 
Not reported 40 

Spherical 
~1 to 2 nm 

Putri et al. 
(2021) [30] [48] 

One-pot 
Panasonic 

NN-SM33HM/W 
Rated 800 W 

HAuCl4⋅4H2O 
White bol guava 

leaf extract 
ethanol 

800 
[100] 

120 ~17 nm 

Diab et al. 
(2022) [31]** 

One-pot 
MO unspecified 

HAuCl4⋅4H2O CMCT NaOH Not reported 40 
Spherical 

~7 nm 

 
target Au nanoparticle. Yasim et al. (2014) [23] used an unspecified microwave 
oven to reduce HAuCl4 with hibiscus rosa-sinensis leaf extract within an ad-
justed 8 ml mixture at 420 W and process time of 90 s to achieve their target 
AuNP product. Bhosale et al. (2015) [25] used an LG intellowave™ sensor mi-
crowave oven (model unspecified) to reduce HAuCl4 with Dimethyl sulfoxide 
(DMSO) for synthesis of nano-flowers and spherical nanoparticles. They used 
“360 W, 600 W, and 800 W with on/off mode having time interval of 30 s”. Giv-
en this ambiguous text, they found 800 W for 120 s was optimal to produce Au 
nano-flowers; and 800 W for 180 s was optimal to produce Au spherical nano-
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particles. In each case, a 5.5 ml mixture of HAuCl4 and DMSO was used. Publi-
cations [27] [29] and [31] originate from the same institutions with related am-
biguous reporting of the microwave parameters used. For example, El-Nagger et 
al. (2016) [27] used a Galanz microwave oven, (model number unclear) to re-
duce a 25 ml mixture of HAuCl4 and bacterial exopolysaccharide (curdlan) with 
power irradiation time 2 to 10 minutes for an unspecified power level to achieve 
their Au core shell product. Some four years later, Hussein et al. (2002) [29] used 
an unspecified microwave oven to reduce a 12 ml mixture of HAuCl4 and dex-
tran with an unreported microwave power level for an irradiation time of 40 s to 
achieve the target AuNP product. Finally, Diab et al. (2022) [31] while referenc-
ing [27] used an unspecified microwave oven to reduce a 12 ml mixture of 
HAuCl4 and carboxymethyl chitosan (CMCT) and for an unspecified microwave 
power level for an irradiation time of 40 s to achieve the target AuNP product. 
Given the six-year spacing between these publications and the authors’ unsuc-
cessful attempts to establish the microwave power conditions these three papers 
are not explored further. 

Table 3 provides the Ag nanoparticles and AgHA synthesis information. 
Within this group of papers, two publications were found to have ambiguous 
reporting of microwave variables. First, Saha et al (2013) [32] used an IFB-30SC3 
(miss-reported as IFM3SC3) microwave oven to reduce a 60 ml of AgNO3 and 
Ocimum leaf extract using 900 W for 90 s to achieve the target Ag nanoparticles 
product. Second, Igbal et al. (2013) [33] used a Samsung MW71B microwave oven 
(rated 800 W) to reduce 100 ml of AgNO3 and cetyl-trimethylammonium bromide 
(CTAB) using a medium high power level (600 W [50]) with a stated 15 s on and  

 
Table 3. Multimode microwave-assisted batch synthesis of Ag nanoparticles and AgHA. Rows shaded in green highlight Green 
Chemistry synthesis. 

Author 
Reduction 

method 
Metal 

precursor 
Reducing reagent 

Power (W) 
[D%] 

Process 
time (s) 

Morphology 

Saha et al. 
(2013) [32]* 

One-pot 
IFB 30SC8 

Rated 900 W 
AgNO3 Ocimum leaf extract 

900 
[100] 

90 
Spherical and oval: 3 to 

50 nm 

Iqbal 
(2013) [33] [50] 

One-pot 
Samsung MW71B 

Rated 800 W 
AgNO3 

Ca(NO3)2⋅4H2O 
(NH4)2HPO4 

CTAB 

600 
[50%] 

420 
Spherical aggregated 

~58 nm 

El-Naggar 
(2016) [27]** 

First step 
Galanz 

Rated 800 W 
AgNO3 Curdlan Not reported 120 

Ag core shell 
52 to 54 nm 

Jyothi 
(2020) [34] 

One-pot 
CATA-R 

Rated 800 W 
AgNO3 

Coleus amboinicu 
leaf extract 

800 
[100] 

60 
Spherical 
~15 nm 

Ahmed et al. 
(2021) [35] 

One-pot Samsung 
Rated 800 W 

AgNO3 
Oxalic acid 

H2O 
CTAB 

800 
[100] 

180 
Spherical bimodal ~6.5 

and 7.5 nm 
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Figure 1. Estimated process energy budget (kJ) to achieve the target NP product within a 
multimode domestic microwave ovens dataset. The green columns represent Green 
Chemistry. The black columns represent non-Green Chemistries (Na3ct, DMSO, and 
CTAB). 

 
15 s for a processing time of 420 s. However, the stated ON-OFF time equates to a 
50% duty cycle or an average power of 400 W of the cavity-magnetron. 

The estimated process energy budgets relating to the publications presented in 
Table 2 and Table 3 are given in Figure 1. Within this limited dataset it is ob-
served that the Green Chemistry has a lower process energy budget compared to 
the non Green Chemistry: on average 7.531 kJ against 4.775 kJ. In the specific case 
of HAuCl4 reduction by α-D-glucose (C6H12O6), sucrose, maltose (C12H22O11), hi-
biscus leaf extract and hydrolyzed 3-Mercaptopropyl trimethoxysilane (MTPMS), 
the process energy budgets are very similar (30, 48, 48, and 37.8 kJ) indicating that 
the bio-chemical constituents within the hibiscus extract have a similar reducing ef-
ficiency to that of the saccharides. Also not, that the AgNO3 reduction by Coleus 
amboinicus leaf extract shows similar process energy budget to that of the saccha-
rides and hibiscus extract. In contrast the organic-bromine compound within 
CTAB exhibits the highest process energy budget. 

Figure 2 shows the energy phase-space projection of data values from Figure 
1. In this projection, the process energy budget is plotted on the horizontal-axis 
over two orders of magnitude (10 to 1000 kJ) and the process energy density is 
plotted on the vertical-axis over three orders of magnitude (0.1 to 1000 kJ⋅m−1). 
The log-log axis enables both large and small scale energy processes to be visua-
lized. This also allows a general power-law function (y = cxn, where y and n are con-
stants, with n being referred to as the exponent) to be fitted to a linearized distribu-
tion. However, verification of a power-law behavior is not trivial as the linearized 
data must extend over at least two orders of magnitude on both the x- and y-axis, 
and yield at good fit at either end of the linearized dataset (Stumpf and Porter (2012) 
[51]). Using Microsoft Excel linear regression analysis software combined with the 
Stumpf and Porter criteria, it is observed that all of the Au and Ag nanoparticles data  
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Figure 2. Log-log energy phase-space projection of the target AuNP (diamonds) and 
AgNP (triangles, dashed trend-line) is presented in Figure 1. The green diamonds and 
triangle represent Green Chemistry. The black diamonds and triangles represent non 
Green Chemistry. 

 
points form a cluster with center of 76.83 kJ and 6.59 kJ⋅ml−1. When the data points 
are separated into Green Chemistry and non Green Chemistry a more detailed pic-
ture is formed. That is the non Green Chemistry data points tend to be located at the 
higher process energy budget range and the Green Chemistry data points tend to 
be located in the lower energy budget range. An attempt to fit a power-law trend 
line to AuNP cluster yields a regression analysis of R2 = 0.1076 indicating a poor 
correlation. Of further note is that the: cube, flower hexagon, prism Au nanopar-
ticles appear to form a sub-cluster within the middle of the Au nanoparticle 
cluster. Fitting a power-law function to the Ag nanoparticle dataset yields an 
exponent n = 1.7874 over approximately one magnitude on the x- and y-axis 
with a regression analyses of R2 = 0.514, these two fitting parameters indicate the 
number of data points is insufficient to detect a power-law relationships. 

2.2. Multimode Temperature Control Microwave-Assisted Synthesis 

Between 2004 and 2005, Hayes [52], and Hayes and Collins [53] developed the 
technique of forced air cooling of the outer surface of a vessel containing polar 
chemicals while administering microwave irradiation, the source of this ap-
proach meant it became named as “enhanced microwave synthesis” (EMS). The 
aim here, is to impart microwave energy directly into the polar molecules, whis-
tle maintaining a relatively low bulk temperature, to induce an increased target 
product yield by preventing side reactions. In the same time frame the term 
“non-thermal” and “athermal” microwave-assisted was adopted to highlight a 
possible difference in the mechanisms involved in microorganism inactivation 
processes [43] [54]-[59]. The term “temperature controlled microwave chemi-
stry” (TCMC) is also used where the reactants are cooled by refluxing or cooling 
directly, and where the suspension bulk temperature is monitored and used as 
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an input parameter of a feedback circuit where the output signal controls the 
cavity-magnetron power. See for example Kormin et al. (2014) [60]. It is noted 
however that no temperature information was reported in many of the following 
papers pertaining to TCMC synthesise Ag nanoparticles. 

Table 4 lists the microwave parameters of five batch TCMC synthesis of Ag 
nanoparticles [35] [36] [37] [38] [39]. The first synthesis (Chen et al. (2008) 
[36]) reduced and stabilized AgNO using carboxymethyl cellulose sodium 
(CMS) within an adjusted 200 ml of H2O. This one-pot Green Chemistry syn-
thesis takes an unusually long time for a microwave-assisted process to complete 
(1 to 11 hours). Of further note, this extended process time is comparable to the 
microwave-assisted extraction of CMS from brewer’s spent grain [61]. In 2012, 
Bahadur et al. [37] used a TCMC-064 oven attached with a refluxing system to 
synthesize Ag@SiO2 Tetraethylorsilicate, (TEOS: (Si (OC2H5)4) as a shell agent 
plus ethanol (C2H5OH). This second step was performed at 360 W for 600 s. 
However they did not report the quantities of TEOS and C2H5OH used. By 2015, 
Karimipour et al. [38] at the University of Rafsanjan, Iran used a similar  

 
Table 4. Multimode temperature controlled microwave-assisted synthesis of AgNP, Ag@SiO2, and Ag@TiO2. Rows shaded in 
green highlight Green Chemistry synthesis. 

Author 
Reduction 

Method 
Metal 

substrate 

Reducing, stabilizing, 
functionalizing agents and 

solvent 

Power (W) 
[D%] 

Process 
Time (s) 

Morphology 

Chen (2008) 
[36] 

One-pot 
TCMC-102 
Rated 1 kW 

AgNO3 
CMS, reducing and stabilizing 

agent H2O, solvent 
400 

[100] 
>3600 

Spherical 
~15 nm 

Bahadur (2011) 
[37]** 

Second step 
Skikoku Keisoku 
SMW-604 reflux 

Rated 500 W 

AgNP Colloid 
Spherical 

17 nm 

TEOS, Si precursor 
C2H6OH, solvent 

500 
50oC 

120 
Ag@SiO2 

Spherical 
20 to 25 nm 

Karimipour 
(2015) 

[38] 

One-pot 
Shikoku Keisoku 
SMW-064 reflux 

Rated 1 kW 

AgNO3 

DMF, reducing 
OA, surfactant 
H2O, solvent 

540 
[100] 

30 
Spherical 

10 to 20 nm 

Ebrahimi 
(2016) 

[39] 

One-pot 
Shikoku Keisoku 
SMW-064 reflux 

Rated 1 kW 

AgNO3 
PVP, stabilizing and capping 

C2H6OH, solvent 
360 

[100] 
60 

Ag@TiO2 
Spherical 
~20 nm 

Karimipour 
(2016) 

[40] 

First step 
Shikoku Keisoku 
SMW-064 reflux 

Rated 1 kW 

AgNO3 
PVP, capping and stabilizing 

C2H6OH, solvent 
360 

[100] 
60 

Spherical 
~15 nm 

Karimipour 
(2016) 

[40] 

Second step 
Shikoku Keisoku 
SMW-064 reflux 

Rated 1 kW 

PVP-capped 
AgNP 

~15 nm 

Si(OC2H5)4, silica shell 

APTES, capping and 
functionalizing 

C2H6OH, solvent 

360 
[100] 

600 
Ag@SiO2 
Spherical 
~15 nm 
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TCMC-064 oven attached to a refluxing system to synthesize spherical AgNPs. 
In this case dimethylformamide (DMF) was used as the reducing agent and 
oleylamine (OA) as a surfactant and capping agent Using an adjusted 20 ml vo-
lume of H2O. The complete mixture was microwave irradiated as a one-pot syn-
thesis at 540 W for 30 s. In the following year two further papers from the same 
university and same TCMC attached to a reflux system were published, by Ebra-
himi et al. (2016) [39], and Karimipour et al. (2016) [40]. Ebrahimi et al. synthe-
sized Ag@TiO2 using a one-pot synthesis of AgNO3, PVP in 40 ml of C2H5OH 
with a microwave power of 360 W for 60 s. Whereas Karimipour et al. synthe-
sized Ag@SiO2 core-shells using a two-step process. The first synthesis used wa-
ter soluble polyvinylpyrrolidone (PVP) and AgNO3 adjusted to 40 ml volume in 
C2H5OH and microwave irradiated at 360 W for 60 s to produce PVP capped Ag 
nanoparticles. In the second step 100 μl of aminopropyltriethoxysilane (APTES) 
was added to the 40 ml of PVP capped Ag nanoparticles followed by 1.2 ml of 
TEOS as the shell agent to produce the target Ag@SiO2 core shell; the microwave 
conditions being 360 W for 600 s. 

Process Energy Budget and Energy Density Calculations 
Using the reported power, process time in Table 4, an estimation of the process 
energy budgets is given in Figure 3. Here it can be seen the TCMC-102 has a 
process energy budget (1440 kJ), some 21 times greater than the average energy  

 

 
Figure 3. Nanoparticle process energy budget within TCMC ovens: without and with 
reflux system. Green column represents one-pot Green Chemistry synthesis with a 100% 
duty cycle. Blue columns represent second step of non Green Chemistry with 100% duty 
cycle. Yellow column represents the first step non Green Chemistry with 100% duty cycle. 
Black columns represent one-pot non Green Chemistry with 100% duty cycle. Open col-
umn equates to the average process energy budget of the four Shikoku Keisoku SMW-064 
process. Insert give the six calculated energy densities. 
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budget (67.08 kJ) of five Shikoku Keisoku SMW-064 oven experiments. Un-
doubtedly the high process energy budget is mathematically derived from the 
extended process time. Nevertheless, given the absence of temperature data, it is 
interesting to calculate how far TCMC-102 applied power needs fall to average 
67.08 kJ. This equates to 18.7 W, and which needs to be accounted for when 
comparing the two applicator types (TCMC-102 without reflux systems and the 
Shikoku Keisoku SMW-064 Sk-064 with reflux system). 

An estimation of process energy density of five of the TCMC oven synthesis 
has been calculated using the data within Figure 3 and their respective mixture 
quantities (200, 20, 41.2, 41.2 and 40 ml). Bahadur et al. [37] is not included due 
to lack of quantity information. The estimations are found to range between: 7.2, 
0.81, 0.524, 5.24, and 0.54 kJ⋅ml−1, respectively. This comparison reveals the 
energy density disparity between the TCMC-102 and the Shikoku Keisoku 
SMW-064 with a reflux system is a factor of 2.5. The relative reduction in 
process energy budget may be due to the ability of the reflux system to maintain 
the solvents in a similar way to that of microwave-assisted extraction that employs 
reflux systems [62], in doing so maintaining the rate of Ag reduction. To verify the 
involvement of these mechanisms further experiments are needed to be underta-
ken. 

2.3. Turntable Loaded Multimode Microwave Digestion Systems 

This section looks at five publications pertaining to commercial turntable loaded 
multimode microwave-assisted synthesis of Au-X and Ag-X nanomaterials, 
where the microwave applicators are primarily designed for digestion (Bizzi et 
al. (2011) [63]). These microwave digestion systems have been demonstrated to 
be very effective in the second step synthesis of Ag nano-rods under Na3ct con-
ditions (Liu et al. (2005) [15]), Green Chemistry synthesis of Au-Ag core-shell 
nanoparticles using C6H12O6, H2O and PVP (Blosi et al. 2008 [16]), and the non 
Green Chemistry synthesis of Ag@SnO2 core-shell (Rai et al. (2015) [17]). More 
recently one-pot synthesis of Ag nanoparticles on graphene sheets has been re-
ported by: Alfano et al. (2016) [18], Miglietta et al. (2018) [19], and Marinoiu et 
al. (2020) [20]). More recently, a one-pot synthesis of Ag and Ag-Cu nanopar-
ticles using ethylene glycol as the solvent and Copper Acetate (Cu(CH3CO )2) for 
the Cu precursor has been reported by Reyes-Blas et al. (2020) [21]. However, 
little information on the suspension quantities was given. Therefore only the 
process energy budget is calculated, see Figure 4. 

Generally, these digestion systems (MARS-5, Mars-6, Milestone MicroSYNTH 
plus (μSYNTH), and the Anton Paar Multiwave (APM)) have a cuboidal multi-
mode cavity that contains a removable turntable that holds a multiple of vessels 
for single, or, multiple batch processing. Under microwave illumination condi-
tions the rotating turntable smoothes out electromagnetic standing waves and 
acts as a microwave absorbing dumpy load, in the case of the μSYNTH, a mode 
stirrer is used to disperse the electromagnetic standing wave [64]. 

Table 5 lists the reported microwave operating conditions for the five publi  
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Table 5. Reported turntable loaded multimode microwave-assisted synthesis of AgNPs, Au-Ag core-shells, and Ag decorated 
graphene sheet. 

Author 
Reduction 

method 
Metal substrate 

Power (W) 
Temperature 
(˚C), [D%] 

Process 
time (s) 

Morphology 

Liu 
(2005) 

[15] 

Second step 
MARS-5 

Rated 1200 W 

AgNO3 

Na3ct 
A0 seeds 

1200 
100˚C 
[100] 

240 
Ag rods ~76 nm at 240 s 
spherical ~57 nm at 480 s 

Blosi 
(2010) 

[16] 

Second step 
MicroSYNTH plus 
Rated 2 × 800 W 

Au core. C6H12O6, 
H2O, PVP 

Ag core, C6H12O6, 
H2O, PVP 

1600 
[75] 

300 

Spherical Au core-shell 
~30 nm 

Spherical Ag core-shell  
~65 nm 

Rai 
(2015) [17] 

Second step 
MARS-5 

Rated 1200 W 

Ag colloid 
Na2SnO3 

1200 
70˚C 
[75] 

300 ramp to 
70˚C 

Hold for 36,000 

Ag@SnO2 core-shell 
10 - 24 nm 

Alfano (2016) [18] 
Miglietta 

(2018) 
[19] [65] 

One-pot 
Anton Paar 
Multiwave 

Rated 700 W 

AgNO3 

Graphene 
suspension 

C2H6O2 

700 
[91.67] 

120 on 
10 off 

For 45,000 

AgNP decorated graphene 
sheet 2 - 4 nm thick, 
Semi-spherical AgNP 

20 - 30 nm 

Marinoiu 
(2020) [20] 

One-pot 
MARS-6 

Rated 1 × 1000 W 
Rated 1 × 800 W 

HAuCl4⋅4H2O 
Graphene oxide 

NaBH4 

800 
60˚C 
80˚C 
[100] 

1800 
AuNP supported on 

graphene sheet 

Reyes-Blas 2020) 
[21]** 

One-pot 
MARS-6 

Rated 1 × 1000 W 
Rated 1 × 800 W 

AgNO3, 
Cu Acetate 

Ethylene glycol 
PVP 

1000 
155˚C to 180˚C 

[100] 
120 

Spherical AgNP ~ 10 nm 
Irregular Ag-CuNP ~ 15 

nm 

 
cations. Briefly the experimental conditions are as follows. Liu et al. used 11 ml 
of reactants within a MARS-5 system with a microwave irradiated 1200 W at 
100% duty cycle for a series of process times: 60, 120, 240, and 480 s. After cha-
racterization of their rod and spherical Ag nanoparticle products, a process time 
of 240 s was considered acceptable. Blosi et al. used the μSYNTH system that 
employs two cavity-magnetrons. The power was ramped-up and held, as deter-
mined by software that controls the cavity-magnetron pulse width modulated 
power level for 300 s. The mixture quantity was not given, but the manufactures 
recommend a value between 10 and 50 ml [64]. Rai et al. also used the MARS-5 
digestion system with a mixture volume of 21 ml. The applied power is not re-
ported, but it is known that the process involved a ramp time of 5 minutes to 
reach a bulk temperature of 70˚C and held there for 1 hour, again using PWM of 
the cavity-magnetron to produce the Ag@SnO2 core-shell nanoparticles. Alfano 
et al. and Miglietta et al. used the APM system, with two aliquots of 3 ml reactant 
volumes. The applied power was set to 700 W with a 91.67% duty cycle (Ton = 120, 
Toff = 10 s) for a process time of 45,000 s to produce AgNP decorated graphene 
sheets [65]. Finally, Marinoiu et al. used the MARS-6 at cavity-magnetron power 
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of 800 W for a process time of 300 s to produce their target product of Ag nano-
particle supported on a graphene sheet. 

Process Energy Budget and Process Energy Density Calculations 
Using the reported information within the six publications [15]-[21] and private 
commutation [65] an estimation of the five synthesis process energy budget has 
been made with the following duty cycles. For the processes that use a 100%, 
duty cycle, the applied power is multiplied by the process time [15] [20] and 
[21]. For the processes that use a 91.67%, duty cycle, the applied multiplied by 
91.67% and then multiplied by the process time is used [18] [19] and [65]. For 
the two processes that use a ramp-time and hold time a best estimation is ob-
tained by multiplying the applied power by 75% then multiplying by the hold 
process time. The computed values for each synthesis are presented in Figure 4. 
Figure 5 depicts the computer energy density calculations for references 15 to 20, 
where the process energy density for [21] is not shown due to insufficient data. 

2.4. Axial Field Helical Antenna Applicator 

The use of axial field helical antenna applicator entails placing the reactants to be 
processed within the internal electromagnetic field (reaction zone) of a helical 
antenna. This type of applicator comprises a solid-state microwave oscillator (λo 
= 2.45 ± 0.05 GHz) and amplifier connected to a 1/4 (or multiple of) wavelength 
air filled helical antenna without any structural modes (O ̈hrngren et al. (2012) 
[66]). Under these load conditions the dielectric properties of the reactants will  

 

 
Figure 4. Nanoparticle process energy budget (kJ) within turntable loaded multimode 
microwave digestion systems. The green columns represent Green Chemistry with 75% 
duty cycle [16]. The black columns represent non Green Chemistry with a 100% duty 
cycle [15] [20] and [21]. Blue column represents non Green Chemistry with a 75% duty 
cycle [17]. Grey column represents non Green Chemistry 91.67% duty cycle [18] [19] and 
[65]. 
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Figure 5. Nanoparticle product process energy density (kJ⋅ml−1) within turntable loaded 
multimode microwave digestion systems. The green columns represent Green Chemistry 
synthesis using 75% duty cycle [16]. Black columns represent non Green Chemistry with 
100% duty cycle [15] [20]. Blue columns represent non Green chemistry with 75% duty 
cycle [17]. Grey column represents non Green Chemistry with 91.67% duty cycle [18] 
[19] and [65]. 

 
reduce the electrical length of helical antenna, thereby frequency-pulling the 
coupled oscillator. As long as the degree of pulling is within the oscillator −3 dB 
bandwidth, which depends on the coupling factor between the oscillator and an-
tenna (Law (2008) [67], Amry, Law and Boyd (2012) [68]) power is maintained 
to the antenna. In effect the applicator has an auto impedance matching circuit, 
similar to the cavity-magnetron waveguide bandwidth of a domestic microwave 
oven (Law and Dowling (2021) [46]). 

In 2016, Bayazit et al. [41]) reported on a one-pot constant flow micro-
wave-assisted anisotropic growth of Au nanowires and rods. In this synthesis, 
HAuCl4⋅4H2O is reduced using Na3ct, The synthesis apparatus comprise the 
commercial Discover 2 (CEM Microwave Technology Ltd), applicator within 
which is placed a coiled flow reactor constructed from approximately 6 ml vo-
lume of 3.4 mm outer diameter Teflon tubing. Using this diameter tubing, the 
microwave penetration depth is > the tubing diameter (Ye et al. (2020) [69]) 
thereby assuring uniform dielectric heating whilst providing minimal distur-
bance of the antenna electric field. Finally, the reactants are forced through the 
reactor using a syringe pump at a rate of 4, 7, and 10 ml⋅min−1 that equated to a 
residence time (τ) between 1.5, 0.85, and 0.6 minutes. The residence time (τ) is 
calculated using Equation (3). 

volume
flow rate

τ = , where time is measured in minutes           (3) 

The residence time measured in seconds multiple by the applied microwave 
power equates to the process energy budget. For reproducible anisotropic 
growth of Au nano-rods with an aspect ratio (length × width) of approximately 
~10 × 7 nm, the power, flow rate and residence time are presented in Table 6. 
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Process Energy Budget Calculations 
Using the same energy calculation methodology as in 3.1, and converting mi-
nutes to seconds a process energy budget of 3.2 kJ and energy density of 0.81 
kJ⋅ml−1 is obtained. This equates to an energy transfer efficiency of 0.253 kJ⋅ml−1 
per applied kJ at 36 W applied power. 

2.5. Energy Phase-Space Projection of TCMC, Digester and Axial 
Field Helical Antenna Applicators 

This section describes energy phase-space projection mapping and comparison 
of the microwave energy parameters obtained for the four microwave applica-
tors types and their NP synthesis. The results of the computation are given over 
four orders of magnitude on both the horizontal x-axis (1 to 10,000 kJ) and the 
vertical y-axis (0.1 to 100 kJ⋅ml−1) Figure 6. The figure reveals a number of iden-
tifiable features within the datasets. 

Firstly, the mapping process reveals that the axial field helical field antenna 
applicator (star) exhibits the least energy density (3.2 kJ, 0.81 kJ⋅m−1; at an  

 
Table 6. Axial field helical antenna microwave-assisted synthesis of Au nano-rods. 

Author 
Microwave 
applicator 

Metal 
substrate 

Reducing 
reagent 

Power 
(W) 

Flow rate 
(ml⋅min−1) 
[τ = min] 

Morphology 

Bayazit 
(2016) 

[41] 

Discover 2 
CEM 

corporation 
HAuCl4⋅4H2O 

Na3ct 
H2O 

36 
4 

[1.5] 

Au nano-rods 
(length × 

width) 
~ 10 × 7 nm 

 

 
Figure 6. Log-log energy phase-space projection of Green Chemistry (Green) and non 
Green Chemistry (black) for the axial field helical antenna system (star), TCMC systems 
(squares, power-law dashed trend-line), and turntable loaded digestion systems (circles, 
power-law dotted trend-line, with the three large squares representing a 75% duty cycle). 
duty cycle. The four blue diamond’s represent the Au crystal morphology cluster as first 
shown in Figure 2. 
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applied power of 36 W). Followed by microwave oven (76.83 ± 39 kJ and 4.47 ± 
3.9 kJ⋅ml−1), TCMC (343 ± 321.5 kJ, and 2.86 ± 2.3 kJ⋅m−1), digester systems 
(1010 ± 620 kJ, and 36.2 ± 50.7 kJ⋅m−1). In the case of the axial field helical an-
tenna applicator data point, this is clearly separated from the nearest TCMC data 
points indicating the log-log scale is still enabling small and large values to be vi-
sualized. 

Secondly, a power-law fitted through the digester (circles) and TCMC (squares) 
datasets provide a local (<two orders of magnitude) exponent n = 0.8412 and 
0.6199, and regression analyses of R2 = 0.7642 and 0.8974, respectively. In addi-
tion the digester dataset power-law trend-line (by eye) projects back from the Au 
nano-rod data point, through the microwave oven crystal morphology cluster 
and on to the axial field helical antenna Au nano-rod data point (3.2 kJ and 0.8 
kJ⋅m−1). This projection is quantified by a power-law fit over two orders of mag-
nitude (dash-dash trend-line) with an exponent n = 0.7719, and regression ana-
lyses R2 = 1. When the digester, microwave oven and axial field helical antenna 
exponent n values are averaged, an exponent n = 0.806 is obtained. In compari-
son the exponent n = 0.699 TCMC dataset is offset by some −10 kJ⋅ml−1 to the 
digester-to-axial field helical antenna power-law trend-line, indicating there is 
an additional mechanism involved. Finally, Au and Ag microwave-assisted syn-
thesis exponent may be derived by averaging all exponents which equate to n = 
0.730 ± 0.07. 

Thirdly, the Au and AgNP morphology outcomes within their respective ap-
plicator type reveal a degree of correlation. For example, the constant flow axial 
field helical antenna applicator (star) that uses the non Green Chemistry Na3ct 
reducing agent yields the lowest process energy budget and process energy density 
for all the datasets reported in this study. The five TCMC data points representing 
spherical and core shell Ag nanoparticles have the second least energy efficiency 
for both Green Chemistry and Non Green Chemistry. The digester dataset has 
the lest energy efficiency performance, but this may be due to the estimated 75% 
duty cycle used to characterize the ramp and hold-time power levels. 

Fourthly, assuming a microwave-assisted nanoparticle synthesis power-law 
exponent n = 0.730 ± 0.07 reflects the historical nanoparticle datasets. It is rea-
sonable to assume that the relative phase-space location of a given target Au, or, 
Ag nanoparticles and their yield (counts per ml) along this exponent will be al-
tered by an informed change the in synthesis variables: bulk temperature, con-
centration, pH, solvent medium, and process time, or purification of plant ex-
tract suspension (thereby removing potential side reactions) prior to the nano-
particle synthesis step. 

3. Energy Phase-Space Projection with Microwave-Assisted 
Processes 

This section describes the use of the energy phase-space projection to compare 
data reported in “Revisiting ‘non-thermal’ batch microwave oven inactivation of  
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Figure 7. Log-log energy phase-space projection of Au and Ag Green Chemistry and non 
Green Chemistry for the axial field helical antenna system (star), TCMC systems (black 
square), turntable loaded digestion systems (black circle), and microwave oven (black 
diamond), and “non thermal” inactivation of microorganisms within microwave ovens 
(plus sign, star and open circles [42]). 

 
microorganisms, American Journal of Analytical Chemistry, 14(1), 28-54, 
(2023)” [42] with Green Chemistry and non Green Chemistry outcomes as pre-
sented in Figure 6. The result of this comparison is given in Figure 7: with a ho-
rizontal-axis of 0.1 to 10,000 kJ, and a vertical-axis of 0.1 to 1000 kJ⋅m−1. The 
“non thermal” microwave-assisted data is generated within a Bluesky (model 
BMG20-8) domestic microwave oven using 55%, duty cycle (440 W of 800 W) 
for 10 ml pseudo-suspension (water) within different Pyrex glass containers 
(beaker-in-Petri dish (+), tube-in-tube (X), and beaker-in-Petri dish plus dum-
my load (O) that are simultaneously cooled by an ice or ice slurry bath. The ex-
periments were designed mimic bacteriophage and E. coil ≥ 4 log10 inactivation 
reported by [54]-[58]. 

The comparative mapping reveals that the “non-thermal” microwave-assisted 
pseudo-suspension inactivation experimental data points (plus sign, cross, and 
open circles) are aligned to all the Green Chemistry and non Green Chemistry 
Au and Ag nanoparticle synthesis datasets across all four applicator types. A 
power-law fit to all datasets yield a “global” first-order kinetics “non-thermal” 
and thermal microwave-assisted exponent n = 0.846 (R2 = 0.7923) over four 
magnitudes and all four applicator types. 

4. Summary 

This study has examined 29 papers pertaining to microwave-assisted synthesis of 
Au and Ag nanoparticles. Within this group of papers, 28 nanoparticle synthesis 
routes have been analyzed for their process energy budget (kJ) and process 
energy density (kJ⋅ml−1) as function of four microwave applicator types: domes-
tic microwave oven, TCMC oven, digester, and axial field helical antenna. Both 
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Green Chemistry and non Green Chemistry is also been considered. A log-log 
energy phase-space projection where the process energy budget is plotted on the 
horizontal axis and process energy density is plotted on the vertical axis for the 
visualization of the synthesis. Using this projection format, the data distribution 
is linearization over three orders of magnitude on both vertical and horizontal 
axis, resulting in a first-order power-law relationship with an exponent of n. 

Allowing for the inconsistencies in the historical reporting of microwave power 
and process time variables, 28 Au and Ag nanoparticle microwave-assisted syn-
thesis processes yield an average first-order power-law exponent of n = 0.730 ±. 
0.07. Within the dataset, the axial field helical field antenna applicator (Discover 
2) is found to be the most energy efficient (0.253 kJ⋅m−1 per applied kJ, at 36 W). 
This is followed by the unmodified domestic microwave oven (4.47 ± 3.9 kJ⋅ml−1 
per 76.83 ± 39 kJ), then TCMC ovens (2.86 ± 2.3 kJ⋅m−1 per 343 ± 321.5 kJ), and 
the digester applicator dataset being the least energy efficient (36.2 ± 50.7 kJ⋅m−1 
per 1010 ± 620 kJ). In addition, a comparison with reconstructed “non-thermal” 
microwave oven inactivation microorganism experiments, yields a power-law 
signature of n = 0.846 (R2 = 0.7923) over four orders of magnitude. 

It is found that the anisotropic nanoparticle morphology growth occurs in the 
axial field helical antenna and in some unmodified domestic microwave ovens. It 
is proposed that the relative phase-space location of the anisotropic nanopar-
ticles is not fixed, but reflects the specific historical experimental variables (bulk 
temperature, concentration, pH, solvent medium, and process time). In the case 
of the TCMC oven dataset, it is observed that spherical and metal core shell na-
noparticles are grown. It is also noted that the use of a reflux system significantly 
reduces the process energy budget requirement. This characteristic generates a 
phase transition within the power-law signature. 

As regards to Green Chemistry versus non Green Chemistry synthesis. This 
study highlights that organic-brome and organic-sodium containing reduction 
agents exhibit the highest process energy budgets when used in a domestic mi-
crowave oven applicator. Saccharides and plant extracts that contain an assort-
ment of biochemical molecules (alkaloids, flavonoids, proteins, polysaccharides, 
cellulose, and phenolic compounds) were found to have the lowest process 
energy budgets. It is noted that the Bio-chemistry (bacterial exopolysaccharide 
and plant extracts) reduction agents were not purified prior to the nanoparticle 
synthesis. This non-purification aspect needs further investigation with the aim 
of removing side-reactions, and increasing product yield, both of which are like-
ly to be reflected in lower process energy budgets and higher microwave conver-
sion efficiency (kJ.ml−1 per applied kJ). 

This study contributes to the understanding of microwave-assisted synthesis 
of Au and Ag nanoparticle by using energy phase-space projections. With regard 
to the outlook of this study, the analytical approach taken here may be employed 
in the design and debugging of future microwave-assisted Au and Ag nanopar-
ticle synthesis. The linear regression analysis used to estimate the power-law 
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signature assumes that outlier data points > 100 kJ influence the value of n. 
Nevertheless, keeping to one power-law model, it is proposed that researchers 
can develop specific recipe short-loop experimental iteration cycles where the 
feedback information builds a data-rich energy phase-space projection, for target 
product innovation. It is also proposed that this visual and analytical approach 
may be extended to microwave-assisted synthesis of different nanoparticles con-
taining other noble and transition metals. 
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Appendix  
Table A1. Names of Au, Ag, Cu, and Si precursor, solvents, and agents listed in this study. Agents listed in order of carbon atoms. 

Chemical name Abbreviated name Molecular formula Purpose of use 

Metal precursors 

Choloroauric acid  HAuCl4∙4H2O Au precursor 

Silver Nitrate  AgNO3 Ag precursor 

Copper Acetate  Cu(CH3O2)2 Cu precursor 

Silicon precursor 

Tetraethylorthosilicate TEOS Si(C2H5O)4 Si precursor 

Solvents 

Water  H2O Solvent, polarity index = 9 

Ethanol  C2H5OH Solvent, polarity index = 5.2 

Agents 

Sodium borhydride  (NaBH4). Reducing agent 

Trisodium citrate Na3Ct, citrate Na3C6H5O7 Reducing and stabilizing agent 

Oxalic acid  C2H2O4 Reducing agent 

Citric acid  C2H4O2 Reducing agent 

Dimethyl sulfoxide DMSO C2H6OS Redirecting and reducing agent 

Dimethylformamide DMF C3H7NO Reducing agent 

Ascorbic acid A A C6H8N6O Reducing agent 

Polyvinylpyrrolidone PVP (C6H9NO)n Stabilization agent 

Dextran  H(C6H10O5)nOH Reducing and stabilizing agent 

Curdlan Bacterial exopolysaccharide (C6H10O5)n Reducing and stabilizing agent 

Glucose Sugar C6H12O6 Reducing and stabilizing agent 

3-Mercaptopropyl trimethoxysilane MPTMS C6H16O3SSi Reducing agent 

Carboxymethyl cellulose sodium CMS, or cellulose gum C8H15NaO8 Reducing and stabilizing agent 

11-azidoundecane-1-thiol  C11H23N3S Functionalization agent 

Maltrose Malt sugar C12H22O11 Reducing and stabilizing agent 

Sucrose White sugar C12H22O11. Reducing and stabilizing agent 

Oleylamine OA or fatty amine C18H37N Surfactant agent 

Cetyl-trimethylammonium 
bromide 

CTAB C19H42BrN Surfactant agent 

Carboxymethyl Chitosan CMCT C20H37N3O14 Reducing and stabilizing agent 
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