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ABSTRACT 
Aromatic compounds such as toluene are commercially nitrated using a combination of 
nitric acid with other strong acids. This process relies on the use of highly corrosive 
chemicals and generates environmentally harmful waste, which is difficult to handle and 
dispose of.  In this study aromatic nitration using solvent-free mechanochemical 
processing of environmentally benign precursors has been achieved and investigated.  
Mononitrotoluene (MNT) was synthesized by milling toluene with sodium nitrate and 
molybdenum trioxide as a catalyst. Several parameters affecting the desired product yield 
and selectivity were identified and varied. MNT yields in excess of 60% have been 
achieved in different tests. The desired product yield and selectivity were found to 
depend on the ratios of the reactants and the catalyst. A parametric study addressed the 
effects of milling time, temperature, milling media, and catalyst additives on the MNT 
yield and on the formation of various byproducts. Toluene conversion as a function of 
milling time exhibited a maximum, which occurred earlier for smaller milling balls.  
Milling temperature had only a weak effect on MNT formation, but affected the 
formation of other aromatic byproducts. Replacing various fractions of MoO3 with fumed 
silica led to an increased yield of MNT for up to 30% of silica. The yield dropped when 
higher percentages of MoO3 were replaced. The degree of refinement of MoO3 attained in 
the mill has been quantified by measuring the surface area of the inorganic fraction of the 
milled material. The surface measurements were correlated with the product yield. 
Feasibility of secondary nitration for toluene as well as of mechanochemical nitration of 
anisole and naphthalene has also been shown experimentally.  
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CHAPTER 1: LITERATURE REVIEW 
 

1.1 Introduction: Nitration Reactions 
Some of the most common and important organic reactions involve nitration of various 
organic compounds [1].  Nitrated organic compounds find wide use in many applications.   
Majority of energetic materials, for example, are organic compounds, which derive their 
energy from the nitro group serving as an intramolecular oxidizer [2]. Nitrated aromatics 
are of particular interest as they are widely used as solvents, dyes [3], explosives [4], 
pharmaceuticals [5], and perfumes [6]. In addition, they serve as intermediates in 
preparation of other compounds, particularly amines [6].  Nitrotoluene (NT), for 
example, is the first precursor in the synthesis of trinitrotoluene – a common explosive [7, 
8].  In addition, NT is used in synthesis of toluidine, nitrobenzaldehyde, and 
chloronitrotoluenes, which are the intermediates for the production of dyes, resin 
modifiers, optical brighteners and suntan lotions [9]. Other nitrated compounds, such as 
nitrocellulose and nitroglycerine also have a number of applications in energetic 
formulations (propellants, explosives, pyrotechnics) [10] and in pharmaceuticals [11].  
The nitrating agent for these reactions has traditionally been fuming nitric acid combined 
with another strong acid, e.g., sulfuric acid, perchloric acid, selenic acid, hydrofluoric 
acid, boron triflouride, or an ion-exchange resin containing sulfonic acid groups.  These 
strong acids are catalysts that result in formation of nitronium ion, NO2

+. Sulfuric acid is 
almost always used industrially since it is both effective and relatively inexpensive [12, 
13].  

 

1.2 Shortcomings of Common Nitration Methods 
The common nitration method described above has a number of disadvantages; perhaps 
the most significant being the production of large quantities of spent acid which has to be 
regenerated because its neutralization and disposal  on a large scale is environmentally 
and economically unsound [14].  Another one is generation of considerable amounts of 
environmentally harmful waste during the purification of the products [15].  Other 
disadvantages include the hazards associated with handling the nitrating agent, as well as 
overnitration [16].  Furthermore, this reaction is not selective, and usually results in a 
mixture of isomers some of which are less desirable than others.  For example, toluene 
nitration using this method produces a mixture of 55-60% of ortho- or o-NT, 35-40% of 
para- or p-NT, and 3-4% of meta-, or m-NT [12].  This leads to large quantities of 
unwanted product because the demand for p-NT is greater than for the other isomers [12, 
17].  The conventional techniques used to increase the ratio of p- to o- isomers, such as 
nitration in the presence of phosphoric acid or in the presence of aromatic sulfonic acids 
increase the p/o ratio from 0.6 to 1.1-1.5 [12], but require additional use of 
environmentally harmful reactants. Another challenge associated with this reaction is the 
formation of oxidative byproducts. The addition of the nitro group to the aromatic ring of 
toluene strongly activates its methyl group making it susceptible to oxidation.  Therefore, 
industrial nitration of toluene must be carried out at low temperatures to minimize 
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formation of the undesired oxidation products [12]. In a batch process, for example, the 
acids are added at 25°C and the reaction is carried out at 35 – 40°C[12]. The total NT 
yield in this reaction is 96% for a batch process, but most patents for continuous 
processes report yields of up to 50% [12]. 

 

1.3 Improved Nitration Methods 
The disadvantages of the conventional approach to nitration have motivated research 
aimed at finding cleaner, safer, and more efficient methods.  One direction of this 
research has been to replace liquid sulfuric acid with solid catalysts, which tend to be 
safer, environmentally friendlier, and easier to separate from the reaction solution than 
sulfuric acid.  In addition, in the case of toluene nitration, surface reaction tends to favor 
formation of the desirable p-isomer [18].  

Vassena, et al., [14] nitrated toluene in vapor phase using fuming nitric acid over solid 
acid catalysts.  Several catalysts were tested, including zeolites and non-zeolitic 
materials. These can be divided into three groups: zeolites (ZSM-5, ZSM-12, beta and 
mordenite), non-microporous solid acids – Nafion® and Deloxan® (a polysiloxane 
bearing alkylsulfonic acid groups of Degussa), and preshaped silicas impregnated with 
sulfuric acid.   The reactions were carried out in a fixed bed reactor at atmospheric 
pressure and at temperatures ranging from 130 °C to 160 °C.   

The results of their experiments are shown in Figures 1.1-1.4.  As seen from Figure 1.1, 
NT yield fluctuated around 20% for the reaction carried out without solid acid catalyst 
and around 40% for Deloxan catalyzed reaction.  In both cases, the yield did not increase 
when the residence time was increased from 4 to 26 hours.  Para/ortho ratio was 
approximately 0.7 for the uncatalyzed reaction and 0.8 for the reaction catalyzed with 
Deloxan®.   
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Figure 1.1 Vapor phase nitration of toluene: blank experiment and nitration with 
Deloxan. NT yield (left scale):(solid triangles)- without solid acid; (empty triangles) with 
Deloxan®.  P/O ratio (right scale); (solid sqares) – without solid acid, (empty squares) 
with Deloxan® [14].  

Zeolite catalyzed reaction results are shown in Figure 1.2.  As can be seen from the plot, 
NT yields for the zeolite-catalyzed reaction stayed close to 20%, but the p/o ratio varied 
from about 0.7 to about 1.1.  This indicates that only some zeolites (namely H-beta) 
actually catalyzed the reaction, causing it to take place on the surface and thus resulting 
in a higher p/o ratio.  Others did not affect the reaction, hence the yield stayed at 20%, 
same as for the uncatalyzed reaction, and the p/o ratio did not exceed 0.7, indicating a 
bulk reaction.  
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Figure 1.2 Vapor phase nitration of toluene with H-beta, H-ZSM-12 and H-ZSM-5. NT 
yield (left scale): solid triangle-H-beta; empty triangle - H-ZSM-5; empty circle - H-
ZSM-12; P/O ratio (right scale): solid square –H-beta; empty square - H-ZSM-5; solid 
circle - H-ZSM-12 [14]. 

Figures 1.3 and 1.4 illustrate the results of toluene nitration over preshaped silica pellets 
impregnated with H2SO4 and over mordenite.  The former was the only catalyst among 
those considered that produced NT yields of up to 60%, and even that only when the 
samples with high content of sulfuric acid were used. 

 

Figure 1.3 Results of a long-term experiment over preshaped silica impregnated with 
H2SO4.  NT yield: solid squares - 80% H2SO4; open circles- 70% H2SO4; solid triangles – 
8% H2SO [14].  
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Figure 1.4 Vapor phase nitration over mordenite. NT yield (left scale): solid triangles- H-
mor(74); open tringles- H-mor(4.6); P/O ratio (right scale): solid squares- H-mor(74); 
open squares- H-mor(4.6) [14]. 

The conclusion that can be drawn from their study is that among the catalysts considered, 
only silica impregnated with large loadings of H2SO4 produced reasonable product yields. 
Furthermore, while this catalyst does improve p/o isomer ratio, thereby addressing the 
problem of accumulation of unwanted products, it still requires use of fuming nitric acid 
as well as significant quantities of concentrated sulfuric acid.  The latter, despite being 
attached to silica, gets used up and cannot be regenerated, as reported in the study. 
Therefore that approach does little to alleviate the environmental and the safety concerns 
associated with the traditional nitration methods.   

In another study [19], the same group carried out a liquid phase nitration of toluene using 
65% nitric acid over sulfuric acid impregnated silica and H-mordenite obtaining mono- 
and di- nitrotoluenes. High yields for both mono and di nitration were obtained with 
silica-supported sulfuric acid but the p/o ratio stayed at about 0.7.  In addition, water 
produced as a byproduct had a negative effect on the yield.  The reaction conditions and 
the results are listed in Table 1.1. 

Table 1.1.  Conditions and result of the liquid phase nitration of toluene [19] 

 

More recently Gong et al., [20], carried out liquid phase nitration of toluene using dilute 
nitric acid (50%) over silica supported Cs salt of phosphomolybdic acid 
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(Cs2.5H0.5PMoO40) and achieved remarkably high yields of up to 99.6% NT.  The reaction 
was carried out in a stirred batch reactor with the highest product yields achieved at the 
reaction times of over 4 hrs. It was also found that the catalyst could be easily 
regenerated and reused. After separation by filtration, washing with distilled water 
several times and drying at 110 °C, it was reused several times and exhibited almost no 
drop in catalytic activity.  The reaction conditions are summarized in Table 1.2 and the 
results are shown in Figure 1.5.  

Table 1.2 Reaction Conditions For Toluene Nitration Over Cs2.5H0.5PMoO40 Experiments 
[20]. 

 

 

Figure 1.5 Effect of reaction time on the conversion of toluene over CsPMA-10/SiO2 
[20]. 

This method has clear advantages over the ones discussed previously.  It succeeded in 
eliminating the need for sulfuric acid, and even nitric acid was used in its dilute form 
offering clear benefits in terms of both safety and environmental impact.  Furthermore, 
converting 99.6% of toluene to NT means that only a small amount of byproducts is 
generated, thus the need for purification is reduced.  At the same time p/o isomer ratio for 
this method does not exceed 0.66, thus the problem of unwanted product accumulation 
persists.  

In a similar vein, Adamiak et al., [21] achieved high yields of mono- and di- nitrotoluenes 
by nitrating toluene with fuming nitric acid over MoO3/SiO2 catalyst modified with 
H3PO4.  The characterization of catalyst showed that phosphoric acid reacted with 
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molybdenum oxide forming phosphomolybdic acid, which catalyzed the nitration 
reaction.  Good para- selectivity was observed for this process with p/o ratios greater than 
1 and reaching 2.09 in one case.  

Table 1.3 Conditions and results of toluene nitration using H3PO4 modified MoO3/SiO2 
catalyst [21].  

 

These approaches, however, still rely on nitric acid as the nitrating agent, which is a 
disadvantage in terms of safety and possible corrosion of the equipment.  These concerns 
have prompted some researchers to consider other sources of nitronium ion.   X. Peng et 
al., [22] carried out nitration of toluene using liquid NO2 and molecular oxygen over 
zeolite catalysts and achieved p/o ratio as high as 14 using HZSM-5.  Perves et al., [23] 
used nitronium tetraflouroborate as a source of nitronium ion.  These methods, however, 
while achieving promising results, rely on exotic and expensive reactants and/or 
catalysts.  Therefore, they are not currently practical from the industrial standpoint.  

 

1.4 Mechanochemically Induced Nitration Reactions 
A new and potentially promising approach to this problem is to carry out the nitration 
reaction in solid phase using nitrate salts as sources of nitronium ion, with the reaction 
being driven by mechanical agitation, or mechanochemically. Eliminating solvents and 
acids offers substantial reduction of the environmental impact of nitration; using 
inexpensive and readily available nitrogen sources and catalysts offers potential cost 
benefits as well.  

 

1.4.1 Mechanochemical Reactions 
Although the concept of carrying out reactions in solid phase by mechanical agitation, 
known as mechanochemistry, has existed for centuries, with the earliest references to 
mechanochemical reactions dating back to 4th century BCE, its application has 
traditionally been limited to insoluble materials [24].  For soluble reactants, on the other 
hand, the default approach has been to carry out the reactions in solution [25].  Last 
several decades, however, have witnessed steadily increasing interest toward 
mechanochemical synthesis, and the manifestation of the versatility and the potential of 
this approach [26-38].  There are two reasons behind this recent boom in 
mechanochemical research.  First, it is becoming increasingly clear that this approach can 



11 
 

be effective and even advantageous in a wide range of synthesis.  Second, there is an 
increasing awareness that our current dependence on solvents is both wasteful of fossil 
derived materials, and harmful to the environment; thus it is unsustainable [25].   

Table 1.4 lists some examples of reactions [25] that have been successfully carried out 
mechanochemically. This illustrates the versatility of the approach. 

Table 1.4 Examples of Reactions That Have Been Carried out Mechanochemically. 

Reaction Comment 
Metal halide reduction [39] Performed by Michael Faraday in 1820 
Alloying [40, 41] One of the original applications, which is still 

important today.   Metals or combinations of metal 
oxides with reducing agents can be used. 

Cocrystallization [42] Various types of cocrystals have been synthesized.  
Liquid assisted grinding often yields best results. 

Knoevanagel condensation [43] Important C-C bond forming reaction forming α-β 
unsaturated carbonyl compounds.  First carried out 
mechanochemically in by Kaupp in 2003 [43] 

Peptide synthesis [44] Reducing the amount of solvents is one of the 
challenges of traditional peptide synthesis that is met 
by the mechanochemical approach [25]. 

Fullerine dimerization [45] C120 dumbbell formed in high speed vibration 
milling 

Synthesis of Molecular 
cages[46] 

Very large covalent organic cages can be assembled 
by solvent-free ball milling[46] 

Coordination polymerization 
(MOFs) 

Ligand addition, ligand exchange, and acid base 
reactions involving coordination polymers have been 
carried out using various mechanochemical 
techniques such as liquid assisted grinding[47], and 
neat grinding[48] 

 

A typical Knoevenagel condensation reaction carried out mechanochemically is 
illustrated in Figure 1.6. Use of stoichiometric amounts of reactants results in quantitative 
yield of the product. The temperature increase associated with ball milling plays an 
important role in promoting the reaction [25].  

 

Figure 1.6 Knoevenagel condensation [25]. 

Figure 1.7 shows an example of an amidation reaction.  Traditional methods for 
introduction of the amide group often require expensive transition metal catalysts and/or 
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toxic reactants.  This solvent free route for direct amidation of aryl aldehydes with 
anilines in ball mill overcomes these problems[25].  

 

Figure 1.7 Direct oxidative amidation [25]. 

The solvent free peptide synthesis illustrated in Figure 1.8 results in high product yields 
using simple baking soda as a catalyst [25].  

 

Figure 1.8 Solvent-free peptide synthesis [25]. 

Fullerene dimerization catalyzed by KCN (Figure 1.9) has been carried out by several 
research groups.  Other potassium salts, such as carbonate and acetate also promote the 
reaction resulting in a mixture of the dimer and the unchanged C60 in the ratio of 3:7 [45].  

 

Figure 1.9 Fullerene dimerization [45]. 

Içli et al. [46] synthesized the molecular cage shown in Figure 1.10 in a ball mill with 
71% yield.  A smaller version of this cage was obtained in 94% yield compared to 24% 
yield obtained in solution.  This reaction involves formation of 18 boronate ester and 
imine linkages between 11 components.  
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Figure 1.10 Sovent-free ball milling synthesis of a large organic cage [46]. 

Current understanding of the mechanisms of mechanochemical reactions is still rather 
deficient.  A number of models have been proposed but their application in specific 
reactions is unclear.  It is generally understood that the reactions occur at points of 
contact between solid surfaces rather than in the bulk of the material, but there are 
various theories explaining what occurs on these interfaces that causes the reactions to 
proceed.  One possibility is that mechanical impact causes dramatic increase in lattice 
stress.  This stress then relaxes, either physically, by emission of heat, or chemically, by 
ejection of atoms or electrons, formation of excited states on the surface, bond breakage, 
and other chemical transformations [49].   This can cause chemical reactions to occur in 
the field of mechanical stress or even after the stress is removed, by the action of reactive 
species such as free radicals formed under the action of mechanical stress, that can now 
cause the reaction to propagate further [49].  Other models discussed in the literature 
include the “hot-spot” theory and the “magma-plasma model” [50].  According to the 
former theory, small protuberances on the two surfaces sliding against each other cause 
plastic deformations associated with dramatic temperature increases. In the brittle 
materials, such increases can occur at the tips of propagating cracks.  It is proposed that 
local temperatures in such hot spots can reach hundreds or thousands of degrees Celsius 
for very brief periods.  According to the latter model, temperatures of the order of 104 °C 
can be generated at impact points. These can cause transient plasmas, and ejection of 
energetic species including free electrons [25].  It is not likely, however, that such high 
temperatures occur to a significant extent in organic reactions because if they did, they 
would cause decomposition of many species [25].  Instead, covalent bond forming 
organic reactions have been suggested to occur through the formation of intermediate 
liquid eutectic phases [25].   There has been little study on the application of these 
mechanisms to specific reactions, despite the fact that the parameters affecting the 
process can depend significantly on the specific mechanism.  Lowering temperature, for 
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example, usually improves the effectiveness of milling processes, and can improve the 
rate of reactions caused by formation of surface defects.  If, however, the reaction 
proceeds through the formation of a localized liquid phase, its rate is likely to drop when 
the temperature is lowered. 

1.4.2 Mechanochemical Nitration of Organic Compounds 
Despite the wide variety of reactions that have been carried out mechanochemically to 
date, nitration of aromatics has been largely overlooked.  An exception is the work of J. 
Albadi et al., [6] who nitrated a number of aromatic compounds in a mortar using sodium 
nitrate in the presence of melamine trisulfonic acid (MTSA) as a source of nitronium ion.  
The reaction times ranged from 5 to 60 minutes and the nitrated products were obtained 
with high yields.  Table 1.5 lists the aromatic compounds successfully nitrated in their 
study.  
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Table 1.5 List of aromatic compounds nitrated by J. Albadi, et al., [6]. 
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Table 1.5 continued 

 

 

It is worth pointing out, however, that all the compounds nitrated in that study were 
activated by strongly electron donating substituents such as the –OH, -OMe, or –N(CH3)2 
groups.  Nitration of toluene, whose methyl group is less activating in an electrophilic 
substitution reaction than the above listed groups, was not reported in that article.    

In this study, we take the approach of mechanochemical nitration using nitrates a step 
further by using environmentally benign catalysts, such as MoO3 or combinations of 
MoO3 and SiO2 to nitrate toluene in a ball mill.  Unlike MTSA, unmilled MoO3 is not an 
acid, but under the vigorous mechanical impacts of the ball milling process, it has been 
found (see Chapter 2) to acquire acidic properties allowing it to catalyze the formation of 
nitronium ion from sodium nitrate.  

The catalytic activity of MoO3, particularly in hydrocarbon oxidation reactions has long 
been known, and many studies have been performed examining its use in partial 
oxidation of methanol [51, 52] and other compounds [51].  Although the mechanism of 
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these reactions is subject to much debate in the literature [51], there is evidence, based on 
atomic force microscopy studies performed by Smith and Rohrer [53], that the 
uncoordinated Mo6+ cations on step edges and defects are the active sites for oxidation of 
alcohols.  These electrophilic cations also possess Lewis acid properties, and therefore 
can catalyze formation of the nitronium ion from the nitrate.  Thus the ball milling 
process, which breaks the crystals forming many new defects can be used to greatly 
enhance the Lewis acid properties of MoO3 making it an effective catalyst in 
mechanochemical aromatic nitration reactions.  

 

CHAPTER 2: MECHANOCHEMICAL NITRATION OF TOLUENE: 
FEASIBILITY1 
 

2.1 Introduction 
Nitration of aromatic compounds is a common reaction used for preparation of multiple 
organic energetic materials, including TNT, NTO, and others[54-56].  The reaction is an 
electrophilic aromatic substitution; its practical implementations typically involve 
multiple liquid reagents.  An important case is the nitration of toluene with mixed acids: 
nitric acid/sulfuric acid, nitric acid/aromatic sulfonic acid or nitric acid/phosphoric 
acid[57].  While the technology is well established, it is associated with a number of 
environmental and safety concerns[58].  Most significantly, it generates red water from 
the sulfiting process for removing unsymmetrical trinitrotoluene isomers [15].  Such 
concerns stimulate active research on remediation of the red water and other waste 
generated by nitration of organic compounds on the industrial scale, e.g., see most recent 
papers [59-62]. New safe and environmentally friendly manufacturing approaches are 
being actively explored[63, 64].  In one example, recently implemented in a commercial 
process, an environmentally friendlier method of manufacturing TNT was developed at 
Radford Army Ammunition Plant operated by ATK [65].  The process involves replacing 
toluene as a starting material with ortho-mononitrotoluene.  Using a nitro compound as a 
precursor streamlines the following operation; however, ortho-mononitrotoluene needs to 
be prepared elsewhere, and the associated environmental waste-related issues are being 
locally bypassed rather than completely solved.  

Recently, ideas of mechanochemical synthesis originally developed for metal-based 
materials and inorganic composites have been extended to include synthesis and 
modification of various organic compounds [25, 66-69].  Although this technology 
consumes substantial energy, it is readily scalable.  It also offers the possibility to 
eliminate solvents from the process, which has been a significant incentive for its 
exploration.  It is currently considered for preparation of a broad range of organic and 
inorganic materials, composites, and structures.  This work explores the feasibility of 
mechanochemical processing for nitration of aromatic compounds.  If successful, this 
                                                 
1 Journal Article published in Journal of Energetic Materials, July 2017 
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technology can be developed into an environmentally friendly, solvent free 
manufacturing method for a wide range of energetic materials or their precursors.   

The nitrate source in this study is sodium nitrate, a readily available, environmentally 
benign solid.  The concept of using sodium nitrate in the presence of an acid as a nitrating 
agent is not new.  However, much more aggressive Lewis acids, e.g., AlCl3, are used 
commonly.  Working with such materials and disposing of the related chlorinated 
byproducts is still undesirable.  Qian, et al, performed nitration of phenols in solvent free 
conditions using metal nitrates in the presence of oxalic acid as the nitrating agent[70].  
Oxalic acid, too, however, is a relatively strong acid; in addition, his work was only with 
phenols, which are strongly activated towards electrophilic aromatic substitution.  
Therefore, in this work, molybdenum trioxide, MoO3, which has Lewis acid surface sites, 
was explored as potential catalyst for nitration.  This oxide has long been known for is 
catalytic properties in a number of reactions including nitration of aromatic compounds.  
Skupinski, et. al, for example, used MoO3/SiO2 to obtain high yields of mononitrotoluene 
by nitration of toluene with 65% nitric acid[71].  Kemdeo, et al, studied the use of 
MoO3/(TiO2/SiO2) in nitration of phenol[72], and MoO3/(SiO2-ZrO2) in nitration of 
toluene[73]. Adamiak, et al, explored the mechanism of toluene nitration over MoO3-
SiO2[74], and in another study enhanced this catalyst by addition of H3PO4 with excellent 
results[21].  In all of these studies, however, MoO3 was used in combination with other 
metal oxides, and its function was to enhance the acidity of the Bronsted sites present on 
the surface of silica, titania or zirconia.  In the last case it reacted with phosphoric acid to 
form phosphomolibdic acid – one of the strongest inorganic acids known.  These 
Bronstead acids protonated HNO3, leading to formation of nitronium ions, instead of 
H2SO4 normally used for this purpose.  In this study, on the other hand, MoO3 was used 
without any support and the source of nitronium ion was NaNO3 rather than nitric acid – 
a much more environmentally friendly and easy to handle alternative. These solid 
reactants, sodium nitrate, NaNO3, as a source of the nitro-group and molybdenum 
trioxide, MoO3, as a Lewis acid catalyst, were ball-milled with toluene in order to 
produce the reaction: 

 

3MoO
7 8 3 7 7 2C H +NaNO C H NO +NaOH→  (2.1) 

 

The objective is to demonstrate the feasibility of mechanochemical nitration of toluene 
using environmentally benign reagents, and to explore how process parameters affect 
product yield and selectivity. 

 

2.2 Experimental 
Nitration of toluene was achieved using mechanical milling of toluene, sodium nitrate, 
and molybdenum oxide as a catalyst.  Materials used in the experiments were toluene 
(Chempure, 99.99 %), molybdenum oxide, MoO3 (Alfa-Aesar, 99.95 %), and sodium 
nitrate (Alfa Aesar, 99%).  Ethyl acetate (Alfa Aesar, 99.5 %) was used to extract the 
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reaction products for analysis. Two ball mills were used.  A Spex Certiprep 8000D shaker 
mill (SM) was used for samples of up to 6 g, and a Retsch PM 400MA planetary mill 
(PM) was used for larger samples of up to 50 g.  In both cases, hardened steel vials were 
used and 9.5 mm (3/8") hardened steel balls served as milling media.  Steel balls with 3.2 
mm (1/8") diameter were used in one experiment. 

Preliminary experiments established the feasibility of mechanochemical formation of 
ortho- and para-mononitrotoluene, although at low yields.  All subsequent experiments 
were performed in an effort to determine parameters affecting the mononitrotoluene yield 
and selectivity.  The parameters varied were the ball-to-powder mass ratio (BPR) and the 
relative proportions of the starting reagents.   

Table 2.1 summarizes these milling conditions for a set of runs with milling duration of 2 
hours.  Longer milling times were used in several runs, which are discussed separately.  
Table 2.1 also shows symbols used to represent the results of different milling runs in 
subsequent figures.  A visual representation of the various charge compositions is given 
in Fig. 2.1 in the form of a ternary compositional diagram.   

For most runs, the mole fraction of toluene is relatively low, varying from 6.3 to 4.4 %, 
as represented by points lined along the MoO3-NaNO3 axis.  The MoO3/NaNO3 ratio 
varies in a broad range, and several points are available with substantially varied 
toluene/solid ratios.  Along with Table 2.1, Fig. 2.1 should be used to interpret the 
experimental results discussed below.  Note that some of the points, e.g., filled and open 
stars, overlap in Fig. 2.1. 

 

The milling runs are divided into several groups.  In the largest group, milled in the 
shaker mill and represented by open squares, the relative amounts of NaNO3 and MoO3 
were varied, the amount of toluene was fixed at 0.25 mL, and the total mass of solids was 
fixed at 5 g.  The crossed open circle represents an experiment from the same set, with 
the MoO3 to NaNO3 molar ratio of 2.95, identical to one of the hollow squares, except in 
this case toluene was added after 95 minutes, 25 min before the end of the milling 
process.  

Open and filled triangles represent two experiments in which the amounts of all reactants 
were doubled (10g of solids and 0.50 ml of toluene) thereby lowering the BPR to 5.  The 
mole ratios of MoO3 to NaNO3 were 2.94 (filled triangle) and 3.54 (open triangle). 

Filled circles and diamonds represent experiments examining the effect of increasing 
amounts of toluene.  The MoO3 to NaNO3 mole ratio is 1.47 for the circle, and 5.96 for 
the diamond.  In both cases, the toluene amount was increased to 1 ml while maintaining 
the total mass of solids at 5 g.  

The half-filled circles represent runs in which the amount of NaNO3 was increased 
without changing the amounts of MoO3 (4.17 g, as in the experiment represented by an 
open, crossed circle) and toluene (0.25 ml), thus raising the total mass of solids.  The 
mass of NaNO3 was doubled from 0.83 to 1.66 g.   



20 
 

The asterisk represents an early experiment with a much higher toluene/solids mass ratio.  
It used 1.1 ml of toluene and a total of 1.7 g of solids.   

The stars represent two planetary mill runs with different milling ball sizes.  In these 
runs, the toluene/solid ratio could be reduced further, while using a well-defined 0.5-ml 
volume of toluene.    

 

Table 2.1 Summary of the Milling Conditions for 2-hr Runs 

Symbol Mill 
Ball 
diam., 
mm 

BPR Solid 
mass, g 

Molar ratios Mass ratio 
MoO3/ 
NaNO3 

MoO3/ 
toluene 

NaNO3/ 
toluene 

Toluene/  
solid 

, * SM 9.5 10 5 0.296-
28.92 

4.91-
14.39 

0.995-
16.57 0.043 

 SM 9.5 5 10 2.94 12.2 4.15 0.043 

 SM 9.5 5 10 3.54 12.6 3.55 0.043 

 SM 9.5 10 5 1.47 2.62 1.78 0.174 

 SM 9.5 8.6 5.85 1.48 12.24 8.29 0.037 

 SM 9.5 10 5 5.96 3.34 0.559 0.174 

 SM 9.5 10 1.76 0.98 0.708 0.72 0.564 

 PM 9.5 3 43.3 14.75 61.2 4.15 0.010 

 PM 3.2 3 43.3 14.75 61.2 4.15 0.010 
*toluene was added 25 minutes before the end of the run. 

 

In addition to the experiments summarized in Table 1, a limited number of experiments 
were conducted at longer milling times.  Specifically, charge compositions with 
MoO3/NaNO3 ratios of 2.95 and 1.47, milled with 0.25 mL of toluene were milled for 4, 
6, and 8 hours. 

After milling, the materials were extracted with ethyl acetate, separated from the solid 
inorganic fraction by settling and analyzed in a HP 6890 gas chromatographer (heating 
profile: 40 °C to 300 °C at 5 K/min) coupled with HP G2350A mass spectrometer. 
Product species were identified using the NIST Mass Spectral Library (NIST 08), and 
relative concentrations were determined using GC peak integration.  To quantify the 
results in terms of yield and selectivity, five major byproducts were selected: 
benzaldehyde, 2,2’-dimethyl-biphenyl, 1-methyl-4-phenlylmethyl benzene, 2-
methylphenyl-phenylmethanone, and 4-methylphenyl-phenylmethanone. The 
mononitrotoluene yield was estimated by evaluating the ratio of the sum of all peak areas 
of mononitrotoluene to the sum of the areas of peaks of toluene and of the above 
byproducts. The undesired byproduct yield was calculated similarly, and the selectivity 
was calculated as the ratio of mononitrotoluene yield to the byproduct yield.  Effectively, 
it was the ratio of the areas of all mononitrotoluene peaks to the area of peaks of all the 



21 
 

byproducts.  Peak areas for all mononitrotoluene isomers were combined for both yield 
and selectivity assessments.  

The specific surface area of MoO3 was measured before and after milling with NaNO3 
and toluene via single-point BET nitrogen adsorption, using a Horiba SA-9600 surface 
area analyzer. The specimens were outgassed in the instrument cell in a stream of dry N2 
at 150 °C for three hours prior to the measurement. The measurements were run in 
duplicates.  
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Figure 2.11 Ternary diagram showing relative amounts of the reactants in the 2 hr 
milling experiments. 

2.3 Results 
2.3.1 Formation of Mononitrotoluene with MoO3 as a Catalyst 
In preliminary, exploratory experiments, toluene and sodium nitrate were milled with 
several metal oxides with Lewis acid surface sites.  These included WO3, TiO2, Al2O3 
and ZrO2 .  No nitration was observed, and therefore these materials were not further 
investigated. 

Toluene was successfully nitrated by milling it with NaNO3 and MoO3.  Characteristic 
GC-MS traces are shown in Fig. 2.2.   The top and bottom traces represent 2-hr SM and 
PM runs, respectively. Each trace is labeled with the symbol representing the run in Table 
1.  For the SM run, the specific mole ratios of the reactants were: MoO3/NaNO3=3.6; 
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NaNO3/Toluene=3.53.  In Fig. 2.2, the peaks on the left of the toluene peaks represent 
ethyl acetate and are not labeled.  In both cases, mononitrotoluene is present as a mixture 
of isomers.  In addition, a number of undesired byproducts are also observed, such as 
toluene dimers, benzaldehyde, and benzoic acid among others.   

The toluene peak on the bottom trace, corresponding to the PM experiment, is very 
narrow.  Most of toluene was converted to either mononitrotoluene or the byproducts. 
Yield exceeding 40% of nitrotoluene was attained in this PM run with a relatively short 
milling time of 2 hours.  In addition to a high yield, the selectivity of mononitrotoluene 
production also improved, with substantially greater ratio of the area of the 
mononitrotoluene peaks to those of other products (benzaldehyde, 1-methyl-4-
phenylmethylbenzene, etc.) This clearly shows that the mechanochemical approach offers 
a feasible way of nitrating toluene with no harmful chemicals and byproducts.   
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Figure 2.2  GCMS traces for selected mechanochemical experiments on nitration of 
toluene. Top: SM; bottom: PM.  The mononitrotoluene yield and selectivity respectively 
are 18.2% and 2.7 for the top, and 42.2% and 4.97 for the bottom traces.  

2.3.2 Parameters Affecting the Product Yield 
Figures 2.3 – 2.5 show yield and selectivity of mononitrotoluene production as a function 
of molar ratios of different materials used in the milling runs.  The symbols used in all 
figures are the same as those shown in Table 2.1.  To simplify the interpretation of these 
results, only 2 hour milling runs are included in this set of plots.  Data for both yield and 
selectivity appear to produce peaks in each of the shown plots.  
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In most cases, the yield and selectivity correlate with each other.  All points with 
particularly low yields: asterisk, filled circle, and diamond, (except for one open square), 
correspond to relatively large amounts of toluene used; cf. Table 2.1 and Fig. 2.1; these 
points are shifted to the left in Fig. 2.5, because of the low MoO3/toluene ratios.  The 
only exception where a low yield is observed for a relatively small amount of toluene is 
an open square point (appearing in all Figs. 2.3 – 2.5) with the very low concentration of 
NaNO3, for which the composition is shown at the left bottom corner in Fig. 2.1.  
Conversely, the experiments performed using the PM, for which the ratio of MoO3 to 
toluene was particularly high (points are shifted to the right in Fig. 2.5), produced higher 
yields than the SM experiments with the same ratios of NaNO3/MoO3 and 
NaNO3/toluene. 

For the same toluene to solid mass ratio of 0.43, the data for both yield and selectivity 
form relatively clear peaks in both Figs. 2.3 and 2.4.  In Fig. 2.3, the peak is relatively 
broad and is located at the range of NaNO3/toluene ratios of 1 – 4.  In Fig. 2.4, the peak 
corresponds to the MoO3/NaNO3 ratios of 3 – 15.  

Data points in Fig. 2.5 form a highly asymmetric peak, with a sharply falling right edge.  
This peak structure can be understood considering that the same points, for which the 
toluene/MoO3 ratio becomes large, have a much reduced amount of NaNO3 (because the 
total mass of solid remains fixed at 5 g, see Table 2.1.)  Thus, the effect is simply 
associated with the NaNO3 deficiency, which is not explicitly seen from Fig. 2.5.   

The yield for the run represented by a crossed circle, for which milling was initially dry 
and toluene was added later in the process coincides with that of the similar run, where 
toluene was loaded to the milling vial from the very beginning.  However, the selectivity 
represented by the crossed circle run is lower, suggesting that more byproducts formed.  

The yield for data points represented by half-filled circles fits well with the trend formed 
by open squares, suggesting that the increase in the concentration of NaNO3 did not 
change the yield.  The selectivity for the half-filled circles was reduced compared to that 
shown by the open squares.   

The data points represented by triangles correspond to a reduced BPR and thus reduced 
milling dose, which is a measure of the specific energy transferred to the material from 
the milling tools.  These data show a reduced yield compared to the runs represented by 
open squares and corresponding to a greater milling dose. In qualitative agreement with 
this observation, for PM runs, the yield is higher for the run represented by an open star, 
for which larger size balls were used.  Although the BPR was the same for both PM runs, 
larger size balls result in greater impact energies transferred to the material being milled.   

The data points characterizing yield appear to be slightly less scattered than the 
corresponding data on selectivity.  This could simply indicate that the selectivity 
assessment was prone to more errors.   
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Figure 2.3 Mononitrotoluene yield and selectivity vs. NaNO3/toluene molar ratio. 
Milling time is 2 h. 
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Figure 2.4 Mononitrotoluene yield and selectivity vs. MoO3/NaNO3 molar ratio.  Milling 
time is 2 h. 
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Figure 2.5 Mononitrotoluene yield and selectivity vs. MoO3/toluene molar ratio.  Milling 
time is 2 h.  

A correlation between the yield and selectivity is well observed from Fig. 2.6, where 
these values are plotted against each other.  This correlation is important, as suggesting 
that further optimization of the mechanochemical nitration of toluene is likely to generate 
a cleaner product.   
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Figure 2.6 Selectivity vs. mononitrotoluene yield.  Symbols for 2-h runs are as shown in 
Table 1. Filled and open hexagons show points, for which the milling dose was varied.  
Additional details are given in Figure 2.7. 

The effect of milling dose on yield and selectivity of the toluene nitration is illustrated in 
Figure 2.7.  For this simplified analysis, the milling dose was estimated as a product of 
BPR and milling time.  Such an estimate can be used to compare runs with the same ball 
size and performed using the same mill [75-77].  The data in Figure 2.7 include two 
subsets of SM experiments with MoO3/NaNO3 ratios of 2.95 and 1.47.  The variation of 
both milling times and BPR affected the milling dose. It is apparent that the increasing 
milling dose leads to a greater yield; although a saturation seems to occur, especially for 
the experiments with the MoO3/NaNO3 ratio of 2.95.  It is also apparent that unlike 
results shown in Figs. 2.3 – 2.5, an increase in yield due to a greater milling dose may 
reduce selectivity, which is an undesirable effect.  Additional experiments varying 
milling dose are needed, in particular, with lower amounts of toluene, observed to 
increase the mononitrotoluene yield, to observe the practical maximum achievable for 
both yield and selectivity.    
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Figure 2.7 Mononitrotoluene yield and selectivity vs. milling dose. The point at milling 
dose of 10 h corresponds to a 2-h milling run with BPR 5, for other points, BPR was 10 
and the milling time varied between 2 and 8 h.  

To establish the development of the MoO3 surface, the location of catalytic Lewis acid 
sites, as it is being milled, several MoO3 samples were prepared using various milling 
conditions and their surface areas were measured using BET.  All samples contained 
4.167 g of MoO3 loaded in a SM vial with 10-mm balls.  The BPR was fixed at 10. The 
milling time was set to 2 hours.  Amounts of toluene added in each experiment varied. 
Results are shown in Table 2.2.  Milling increases surface area markedly, and milling in 
the presence of toluene increases the surface area more than milling without toluene.  
However, varying the amount of toluene does not seem to affect the surface area of 
MoO3.   

Table 2.2 Specific Surface Area For Unmilled And Milled MoO3 Samples.  Results 
Reflect Two Repeat Measurements 

 Volume of toluene, ml Surface area, m2/g 
initial MoO3 0 0.23 ± 0 
MoO3 milled for 2 h with 
MoO3/NaNO3 of 2.96 

0 3.14 ± 0.07 
0.25 20.2 ± 0.5 
0.50 19.6 ± 0.1 
0.75 19.7 ± 0.8 
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2.4 Discussion 
A higher yield of nitrated products is observed for the NaNO3/Toluene molar ratio in the 
range of 1 – 4 (Fig. 2.3).  Of the experiments performed with 0.25 mL toluene in the 
shaker mill (open squares), the highest yield is observed near the stoichiometric 
NaNO3/toluene molar ratio of 1.  Almost no yield is observed for higher amounts of 
toluene (filled circle, diamond, and asterisk), while the highest yield was observed for a 
much lower toluene/solids ratio in the planetary mill (open star).  This suggests that the 
reaction is limited by the available catalytic surface sites, and providing excess toluene 
does not result in greater degree of nitration.  This is further illustrated in Fig. 2.5 
showing the observed yield vs. the MoO3/toluene ratio.  This ratio did not affect the 
specific surface area of MoO3 (cf. Table 2.2) suggesting that the number of active sites on 
the MoO3 surface did not change.  Instead, the change in yield as a function of the 
MoO3/toluene ratio was likely caused by the balanced interaction of toluene and NaNO3 
molecules adhered at the available surface active sites of MoO3.  Assuming that the 
toluene/NaNO3 reaction occurred between components located at neighboring active sites 
on surface of MoO3, one expects that excess of toluene may lead to many active sites 
occupied by toluene with no nearby NaNO3.  In this case, the yield is reduced, as 
observed experimentally for low MoO3/toluene ratios.  The yield is also reduced, as 
expected, for very low NaNO3 concentrations.   

The number of active sites is expected to increase as a function of the milling time or 
milling dose, explaining an observed greater mononitrotoluene yield for an increased 
milling dose.  It is suggested that an increased amount of MoO3 should generally lead to a 
greater yield generating more active sites at which the reaction can occur. 

It is less clear how the selectivity of toluene nitration was affected by the process 
parameters.  A number of parameters, which were not carefully monitored, could have 
affected the selectivity, which justifies the need in an additional study.  For example, the 
milling vial temperature, which is expected to vary as a function of the amount of toluene 
(serving also as a liquid process control agent and lubricant), the total solid load, BPR, 
and other parameters could have affected the selectivity substantially.   

 

2.5 Conclusions 
Feasibility of mechanochemical nitration of toluene is shown using NaNO3 as a reactant 
and MoO3 as a catalyst.  This study is the first, to the authors’ knowledge, to report 
nitration of toluene with molybdenum oxide - a safe to handle, relatively inert compound 
which has been reported to have weak Lewis acid properties.  It does not catalyze the 
reaction between NaNO3 and toluene in a test tube, but under mechanical impact it was 
found to catalyze aromatic nitration, with the yields increasing with the amount of 
milling.  Several other metal oxides were also explored as potential Lewis acids, 
including WO3, TiO2, Al2O3 and ZrO2 with negative results.  
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The yield exceeding 40% of mononitrotoluene has been attained, and a higher yield is 
expected to be possible with further optimization of the process parameters.  An increase 
in yield is accompanied with a greater selectivity of preparation of mononitrotoluene, 
suggesting that a practical, solvent-free preparation of mononitrotoluene is possible.  The 
reaction mechanism is likely affected by active sites generated on surface of MoO3 
during milling.  Both toluene and NaNO3 molecules are expected to adhere to the active 
sites and react most effectively when an optimized distribution of the reactants on the 
surface of the catalyst is achieved.   

 

CHAPTER 3: EFFECT OF PROCESS PARAMETERS ON 
MECHANOCHEMICAL NITRATION OF TOLUENE2 
 

3.1 Introduction 
Nitration of organic compounds is necessary for a wide variety of applications. The 
majority of energetic materials, for example, are organic compounds with the nitro group 
as the oxidizer [4]. Nitrated aromatics are also widely used as solvents, dyes [3], 
pharmaceuticals [5], and perfumes [78]. For energetic materials, nitrotoluene is of 
particular interest because it is the first precursor in the synthesis of trinitrotoluene or 
TNT, a common explosive [7, 8]. In addition, nitrotoluene is used in synthesis of 
toluidine, nitrobenzaldehyde, and chloronitrotoluenes, which are the intermediates for the 
production of dyes, resin modifiers, optical brighteners and suntan lotions [79]. The 
nitrating agent for these reactions has traditionally been fuming nitric acid combined with 
another strong acid, e.g., sulfuric acid, perchloric acid, selenic acid, hydrofluoric acid, 
boron triflouride, or an ion-exchange resin containing sulfonic acid groups.  These strong 
acids are catalysts that result in the formation of the nitronium ion, NO2

+. Sulfuric acid is 
most common in industrial nitration because it is both effective and relatively 
inexpensive. 

The common nitration methods have a number of disadvantages.  Perhaps most 
significant is the production of large quantities of spent acid which must be regenerated 
because its neutralization and disposal on a large scale are environmentally and 
economically unsound [80].  Another issue is the generation of considerable amounts of 
environmentally harmful waste during the purification of the products [15]. Additional 
disadvantages include the hazards associated with handling the nitrating agents, as well 
as over nitration [16]. The reactions involving strong acids are not selective and yield a 
mixture of isomers, some of which are less desirable than others.  For example, toluene 
nitration produces a mixture of mononitrotoluene (MNT) isomers with 55-60% of ortho- 
or o-MNT, 35-40% of para- or p-MNT, and 3-4% of meta-, or m-MNT [79].  This leads 
to large quantities of unwanted product because the demand for p-MNT is greater than 

                                                 
2 A manuscript considered for publication in Journal of Materials Science 
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for the other isomers [17, 79]. To increase the ratio of p- to o- isomers, nitration is 
commonly done in the presence of phosphoric acid or aromatic sulfonic acids. While the 
p/o ratio increases from 0.6 to 1.1-1.5 [79], additional environmentally harmful reactants 
are used. Another challenge associated with this reaction is the formation of oxidized 
byproducts. The addition of the nitro group to the aromatic ring of toluene strongly 
activates its methyl group making it susceptible to oxidation. The oxidation is minimized 
in industrial toluene nitration by carrying it out at low temperatures [79]. In a batch 
process, for example, the acids are added at 25°C and the reaction is carried out at 35 – 
40°C [79]. The total MNT yield in this reaction is 96% for a batch process, but most 
patents for continuous processes report yields of up to 50% [79]. 

Our previous study [81] established the feasibility of mechanochemical nitration of  
toluene using sodium nitrate as a source of nitronium ions and molybdenum oxide as an 
environmentally benign catalyst. It was observed that the MNT production was strongly 
affected by the relative ratios of the starting components, including C7H8, NaNO3, and 
MoO3. While MNT was formed, the yield was relatively low and substantial amounts of 
undesired byproducts formed as well. The reaction mechanism had not been clarified.  
The objectives of the current work are therefore to, improve the accuracy of product 
analysis, to identify experimentally the process parameters affecting yield and selectivity 
of MNT formation, and finally, to interpret the experimental parametric study of MNT 
production to elucidate the processes and reactions leading to the mechanochemical 
nitration of toluene.   

3.2 Experimental 
3.2.1 Sample Preparation 
Following our previous work [81], toluene was nitrated by mechanically milling it with 
sodium nitrate and molybdenum oxide resulting in reaction 2.1. Materials used in the 
experiments were toluene (Startex, solvent grade), molybdenum oxide MoO3 (Alfa-
Aesar, 99.95 %), and sodium nitrate (Alfa Aesar, 99%).  Several milling runs were 
carried out with a fraction of MoO3 substituted with silica.  Two types of silica were 
used: fumed silica (Alfa Aesar, 99.8%) and quartz glass obtained by crushing quartz glass 
cylinders with a hammer and pre-milling it in a shaker mill for 5 minutes.  The reactants 
were milled in a Retsch PM 400MA planetary mill using hardened steel vials and 
hardened steel balls or glass beads as milling media.  The sizes of milling media varied as 
listed in Table 3.1.  

Table 3.1 Milling Media 

Media Diameter 
Hardened Steel Balls 
 
 

1/2" = 12.7 mm   
3/8" = 9.525 mm  
1/4" = 6.35 mm  
1/8" = 3.175 mm  

Glass Beads 
 

0.4-0.6 mm (average 0.5 mm) 
0.088-0.149 mm (average 0.125 mm) 
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The total mass of the solids in each vial was kept constant at 43.3 g, including 1.67 g of 
sodium nitrate. The volume of toluene was 0.5 ml for most runs, although several 
samples were prepared with 2 ml toluene.  The mass of the milling media was 130 g for 
all runs, thus the ball to powder mass ratio (BPR) stayed constant at 3. Milling times 
varied from 0.5 to 4 hrs.  All samples were milled at 400 RPM.  

In all experiments, the vials were cooled using an air conditioner unit, built into the 
planetary mill and set at 15.6 °C (60 F). The milling temperature was adjusted further by 
using custom-made cooling fins (see [82] for details) added to the vials and by employing 
an intermittent milling protocol. The surface temperatures of the milling vial lids were 
measured during several runs using previously calibrated thermistors attached to the lids. 
The readings were taken at half hour intervals throughout the runs. Details of the three 
temperature control regimes and respective temperatures are listed in Table 3.2. The 
differences in the vial temperatures associated with the different milling protocols are 
around 20-25 ºC. It is apparent that the milling media had no effect on the vial 
temperature except for the case of milling with 1/2" steel balls, in which the total number 
of balls was considerably smaller than in other cases. In the latter case, the temperature 
was reduced noticeably compared to all other milling media. Additional measurements 
(omitted from Table 3.2 for brevity) showed that replacing a fraction of MoO3 with silica 
had no effect on the vial temperature for any of the temperature control regimes.  

 

Table 3.2 Temperature Control Regimes of Planetary Mill Experiments 

Milling balls (media) Temperature, °C for different milling protocols 

Material 
Diameter, 
inch (mm) 

Intermittent 
milling, fins 

"Low" 

Continuous 
milling, fins 

"Intermediate" 

Continuous 
milling, no fins 

"High" 

Glass 0.125 mm 
 

47.3±3.3 
 

Glass 0.50 mm 
 

44.8±0.2 63.5±3.2 

Hardened Steel 1/8 (3.175) 19.0±1.0 47.8±2.9 68.2±5.7 

Hardened Steel 1/4 (6.35) 22.3±5.5 47.0±4.4 69.6±2.7 

Hardened Steel 3/8 (9.525) 
 

47.3±3.7 
 

Hardened Steel 1/2 (12.7) 
 

34.2±0.3 42.5±11.7 

 

Based on literature reports of aromatic nitration with fuming nitric acid using MoO3 on 
silica support as the catalyst [21], we investigated the possibility of toluene nitration by 
substituting part of the MoO3 catalyst with silica.  Several 2-hr milling runs were carried 
out in the planetary mill with varying fractions of MoO3 replaced with silica. 1/4" 
hardened steel balls were used as milling media in all of these runs. All three temperature 
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control regimes listed in Table 3.2 were used with fumed silica; only the intermediate 
protocol was used with quartz glass.  

3.2.2 Sample Recovery 
Reaction products were extracted with ethyl acetate (Alfa Aesar, 99.5 %).  Before 
extraction, the milling vials were allowed to cool for 20 minutes by being left in the mill 
with the air conditioner running.  Each milling vial was then opened and 150 ml of ethyl 
acetate were added to the vial. The vial was closed and placed back in the mill, where it 
was spun at 300 RPM for 5 min, with balls remaining in the vial, in order to agitate the 
suspension.  This suspension was then stored for further analysis. In two experiments, 
samples were extracted using a water-cooled 500 ml Soxhlet extractor. The solvent was 
added into the milling vial and agitated at 300 RPM for 1 minute.  The resulting 
suspension was removed and added into the thimble of the extractor until it was filled.  
The thimble was then placed in a beaker and kept there until the liquid fraction collected 
in the beaker. The procedure was repeated until the entire sample was filtered.  Then the 
thimble was placed into the extractor and the solution recovered from the beaker was 
placed into the extractor flask and boiled for 24 hours with the aid of boiling stones.    

3.2.3 Sample Analysis 
Each suspension sample was stirred and the solid fraction was separated by centrifuging 
for 5 minutes in a LW Scientific Ultra-8F centrifuge. The liquid fraction was analyzed in 
an HP 6890 gas chromatograph (GC, heating profile: 40 °C to 250 °C at 5 K/min; split 
ratio: 10) coupled with HP G2350A mass spectrometer (MS). Product species were 
identified using the NIST Mass Spectral Library (NIST 08).  Different data processing 
methods were used to evaluate concentrations of the products using the GC-MS output. 
In preliminary experiments, as in Ref. [81], the relative yield of MNT, ,MNT relY , was 
estimated as 

 

     
  

 

where P indicates the integrated GC peaks, and the subscripts refer to MNT, toluene, and 
all identifiable products, respectively.  Similarly, the relative yield of any of species 
detected can be estimated by substituting its peak area into the numerator. Using Eq. (3.1) 
to calculate the product yield introduces several potential errors. In addition to 
measurement uncertainties, any underestimation of the amounts of toluene and reaction 
products, whether due to losses or due to the presence of additional products undetected 
by GC-MS, leads to systematic overestimation of the MNT yield.  In order to mitigate 
some of these uncertainties, the yield was determined relative to the amount of toluene 
introduced at the beginning of milling.  This required calibration of the GC-MS 
measurements.  To achieve that, a known amount of xylene (Sunnyside, solvent grade) 
was added to the ethyl acetate solution as an internal standard for each subsequent 
measurement. Figure 3.1 shows a sample GC-MS plot featuring xylene and MNT peaks.  
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Fig. 3.1 Sample GC-MS trace of a processed sample with xylene added as an internal 
standard. 

In addition to MNT peaks, benzaldehyde (labeled in Fig. 3.1) as well as two dimers: 2-
methylphenyl-phenylmethanone and 4-methylphenyl-phenylmethanone (occurring at 
longer times than included in the figure) were consistently observed as formed 
byproducts. These species were accounted for when assessing the total recovery of the 
products of mechanochemical reaction from the milling vials, as discussed below.  

          The GC peak areas for MNT and toluene were calibrated using reference solutions 
of toluene, p-MNT (Sigma-Aldrich, 99%), and xylene in ethyl acetate.  Actual 
concentrations could then be determined from the recorded calibration curves and peak 
ratios of MNT and toluene respectively, to xylene. The absolute yield of MNT, MNTY , was 
calculated as  

 

    (3.2) 

    

 

where fMNT indicates the calibration curve discussed above, Pxyl, and Cxyl are the peak 
areas and introduced concentrations of xylene, respectively.  Ctol,0 is the initial toluene 
concentration at the beginning of milling. 

The yield determined using Eq. (3.2) maybe lower than the true yield, because of 
incomplete recovery of products. Product recovery, R, was therefore assessed by  

       

                                                                                                                                      (3.3) 
   

 

( ) ⋅
= ∑ ∑

,0

MNT MNT xyl xyl
MNT

tol

f P P C
Y

C  

=
∑

,0

i
products

tol

C
R

C  



34 
 

where the sum in the numerator contains all toluene-derived species determined by GC-
MS, including toluene itself.  In this estimate, product species concentrations that were 
not explicitly calibrated, were estimated by setting their respective calibration function, 
( ) =∑ ∑ 1i i xylf P P .  This leads to unspecified systematic errors, which can only be 

corrected if a specific calibration is performed for each species formed. However, the 
purpose of this analysis is the relative comparison between different runs; therefore, a 
repeatable systematic error is acceptable.  

3.2.4 Surface Area Measurements 
Surface area of the solid fraction of several samples was determined using Brunauer–
Emmett–Teller (BET) nitrogen adsorption method. After extracting the organic phase, the 
solid (inorganic phase) was dried and degassed at 350°C for 4.5 hours. After degassing, 
the surface area of the samples was measured using nitrogen adsorption BET 
(Quantochrome Instruments Autosorb IQ ASIQM000000-6, 11 point adsorption 
measurement).  

 

3.3 Results 
 

3.3.1 Preliminary Experiments 
In the preliminary experiments, milling times varied from 1 to 4 hours; several kinds of 
milling media were used; and the relative MNT yield was obtained from Eq. (3.1). 
Significant relative yields of MNT, in the range of 10% – 90% were observed for all 
milling conditions, including the experiments with glass beads as the milling media. 
Comparing the results with different milling media, the lowest yields were observed for 
12-mm steel balls. The yields were also relatively low for glass beads. The highest yields 
were obtained for the milling times of 1-2 hours when 3 – 10-mm diameter hardened 
steel balls served as the milling media. It was also observed that the recovery of the 
product using Soxhlet extractor was not more effective than using the solution agitated in 
the mill; consequently, the latter approach was employed in all experiments discussed 
below.   

3.3.2 Effect of Milling Time and Media 
Absolute MNT yield calculated using Eq. (3.2) is shown in Fig. 3.2 for a set of 
experiments with varied milling times and milling media. The milling protocol 
employing continuous milling with cooling fins (leading to intermediate vial 
temperatures, see Table 3.2) was used in all experiments shown. No silica was used. As 
seen in the figure, the highest MNT yields occur close to 1 hour for runs using 1/4" steel 
balls as the milling media. Results shown in Fig. 3.2 also suggest that the peak yield may 
occur at shorter times for 1/8" steel balls, and possibly at longer times for larger steel 
balls, although additional measurements would be needed to confirm this. For the runs 
performed with glass beads, the yields were lower than for those with steel balls. 
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Figure 3.2 Absolute MNT yield for different milling times and milling media.  The 
intermediate temperature regime was used.  

To understand the reasons for the reduction in the MNT yield at longer milling times, 
clearly observed for the cases of 1/8" and 1/4" steel balls, consider data presented in Fig. 
3.3. Results for 1/4" steel balls, for which the highest MNT yield was observed, are 
examined closer. The recovery and MNT yield for that case are compared to the fraction 
of toluene left in the vial and the fractions of the consistently observed byproducts. All 
the concentrations were determined by comparing the measured GC-MS peak areas of 
respective species to that of xylene, while accounting for the actual xylene concentration; 
then the fraction of each compound was assessed based on the starting amount of toluene, 
similar to Eq. (3.3). As noted earlier, because no xylene-based calibration was made for 
the byproducts, the concentrations may include a systematic error. However, the main 
purpose of introducing such concentrations here is to observe their relative changes as 
functions of milling time. Therefore, a systematic error is acceptable, as long as all the 
data is processed consistently. Results in Fig. 3.3 show that most of toluene was 
consumed by the end of 1-hr milling, when the peak MNT yield was observed. The peak 
MNT yield occurs at the same time as the peak concentrations of all tracked byproducts. 
At longer milling times, MNT concentration as well as the byproduct concentrations 
decrease, while the toluene concentration remains negligible.   The reduced recovery at 
longer milling times could represent either additional reactions in the milling vial, 
producing products that are not detectable by GC-MS, or physical losses during milling 
or the extraction procedure. 
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Figure 3.3 Comparison of the total product recovery, absolute MNT yield, and depletion 
of toluene along with yields of significant byproducts as functions of milling time. 1/4" 
steel milling balls have been used with the intermediate temperature regime.  

 

3.3.3 Effect of Temperature 
Figure 3.4 shows the MNT yield as function of effective milling temperature for 1/4" 
steel balls, after 2 hours of milling. The error bars show standard deviations from repeat 
experiments. The overall yield is effectively constant with temperature.  The toluene 
consumption is inversely proportional to the milling temperature, although most of 
toluene is consumed at all temperatures, consistent with the trends seen in Figure 3.3.  
However, increased losses at higher temperatures cannot be ruled out.  On the other hand, 
the formation of different byproducts follows different trends. Benzaldehyde is more 
abundant at low temperatures, while its yield at the higher temperature is reduced. 
Conversely, the yield of both dimers consistently increases with temperature; a trend 
opposite to that observed for the total product recovery.  
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Figure 3.4 Comparison of the total product recovery, absolute MNT yield, and depletion 
of toluene along with the yield of significant byproducts, as functions of milling 
temperature. 1/4" steel balls are used. The milling time is 2 hours.  

3.3.4 Milling with MoO3 and Silica 
The absolute MNT yield calculated using Eq. (3.3) is shown in Figure 3.5 for multiple 
experiments performed at a fixed milling time of 2 hours, in which a fraction of MoO3 
was replaced with silica. Different milling protocols resulting in different temperatures 
were used; both fumed silica and quartz glass were used in different runs. The results 
show clearly that the MNT yield is highest when about 30 wt % of MoO3 are replaced 
with silica. This effect is the same for both fumed silica and quartz glass, although quartz 
glass gives systematically lower yields than fumed silica. Consequently, the experiments 
with quartz glass were performed using only one milling protocol. At different 
temperatures, the maximum yield is observed at about the same fraction of MoO3 
replaced with fumed silica. The lack of a pronounced effect of milling temperature on 
yield, observed in Figure 3.4 is generally consistent with the results shown in Figure 3.5. 
For both fumed silica and quartz glass, an increase in the silica content well above 30% 
causes a substantial reduction in the yield.  
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Figure 3.5 Absolute MNT yield vs. fraction of silica replacing MoO3 for 2-hr runs using 
1/4" steel balls as milling media.  

In Figure 3.6, the MNT yield is plotted along with the recovery, yields of byproducts, and 
amount of toluene left for different fractions of silica replacing MoO3 for the set of 
experiments with 1/4" steel balls. Initially, both MNT yield and the recovery increase 
with greater amounts of silica used. Above about 30 % silica, a clear trend of increased 
toluene concentration (along with the reduced MNT yield) is observed, indicative of an 
overall lower reaction rate caused by the dilution of the MoO3 catalyst. The trends 
observed for byproducts are somewhat different: benzaldehyde forms preferentially at 
greater silica amounts. Both dimers form with a pattern closely following the formation 
of MNT. It is interesting that despite greater concentrations of unreacted toluene at high 
silica amounts, the recovery is relatively low.  
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Figure 3.6 Comparison of the total product recovery, absolute MNT yield, and depletion 
of toluene along with the yield of significant byproducts as functions of the added silica. 
1/4" steel milling balls are used with the intermediate temperature milling protocol. 
Milling time is 2 hours.  

Figure 3.7 shows product yields and recoveries vs. temperature for the experiments with 
30 % of the MoO3 catalyst replaced by fumed silica.  A weak positive trend in the MNT 
yield is observed, and as in the case of only MoO3/no silica, the dimeric byproducts 
increase with increasing temperature. 
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Figure 3.7 Product recovery, absolute MNT yield, and toluene consumption as a function 
of milling temperature with yield of significant byproducts when 30 % of the MoO3 
catalyst is replaced with fumed silica. 1/4" steel balls are used with the milling time of 2 
hours.  

 

3.3.5 Surface Area Measurements 
Surface areas of the inorganic fraction of the milled samples were measured for several 2-
hr planetary mill runs with varying milling media, with and without silica.  For the 
samples without silica, specific surface areas ranged from 10.4 m2/g to 18.5 m2/g, 
whereas for the samples milled with 30% silica specific surface areas ranged from 35 to 
45 m2/g.   The surface area of unmilled fumed silica was determined to be 484 m2/g; thus 
the surface area of the milled samples was significantly less than the sum of the surface 
areas of the separate sample components.  This indicates that the silica was incorporated 
with the molybdenum oxide to form composite catalyst particles.   

Figure 8 shows the MNT yields determined for a set of 2-hour experiments with 
corresponding surface area measurements.  Results for different milling media and 
samples with and without 30% SiO2 substituted for the MoO3 catalyst have been 
combined in one plot.  The effective milling temperatures are indicated at each data point. 
There appears to be an overall positive correlation between specific surface area and 
MNT yield.  As shown in Figs. 3.4 and 3.5, MNT yield may also be positively correlated 
with the milling temperature, although the effect is weak. 
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Figure 3.8 Absolute MNT yield as a function of the surface area of the milled solids. 
Milling time is 2 hours. Data point labels show effective milling temperatures in °C. 

 

3.4 Discussion 
In the previous experiments, primarily using a shaker mill [81], it was observed that the 
reaction yield increased substantially with an increase of solid (catalyst) to liquid 
(toluene) ratio. The present results, using a planetary mill enabled us to increase 
considerably the solid to liquid ratio and to achieve respectively higher yields.   

Variations in the yield of MNT as a function of different process parameters observed in 
this study suggest that the mechanochemical reaction of nitration of toluene is relatively 
complex. As with other mechanochemical reactions, one can initially assume that the 
reaction rate is proportional to the collision frequency of the milling media; it is further of 
interest to consider whether the energy dissipated in such collisions is affecting the 
reaction effectiveness or rate. Finally, it is of interest to consider how the temperature and 
catalyst properties affect the reaction.  

To assess the effect of collision frequency on the reaction rate, consider the results with 
different milling media sizes shown in Figure 3.2. A possible shift in the maximum yield 
of MNT to greater milling times for greater ball sizes supports the idea of reaction rate 
scaling with collision frequency, clearly increasing for smaller balls. However, a reduced 
absolute maximum yield of MNT for 1/8" steel balls compared to that for 1/4" steel balls 
suggests that the energy dissipated in collisions affects the reaction effectiveness. The 
latter conclusion is also consistent with the results of experiments with glass beads. The 
number of collisions in those experiments was increased greatly; yet, the MNT yield was 
quite low, suggesting that the reaction does not occur effectively when the collision 
energies are low. 
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It is tempting to assign significance to the optimized milling conditions, including milling 
time of 1 hr (Fig. 3.2) and added 30% of fumed silica (Fig. 3.5) for the yield of MNT 
observed experimentally. However, the measurements showing the effects of time and 
silica addition represent both the MNT formation reaction and secondary product 
formation, or physical losses, as emphasized by the reduced recovery rate seen in Figures 
3.3 and 3.6. For the effect of time, in particular (Fig. 3.3), yield of all byproducts and 
recovery essentially follow each other after the maximum yield is achieved. Importantly, 
the toluene consumption continues to increase for longer milling times despite the 
reduced yield of all products. The product recovery reduced at greater milling times, 
might be caused by greater adsorption of products to MoO3 particles. The latter could be 
contributed to modification of MoO3 surface by the greater number of collisions. 
Separating the effects of product recovery and optimized yield of MNT needs to be 
addressed in future work. For example, using solvents other than ethyl acetate employed 
in the present study may be considered.  Alternatively, the reduced recovery rate could be 
related to secondary products that are not captured by the current extraction technique, 
such as gases caused by over-oxidation of any of the organic materials. 

In case of added silica, the recovery improves with the silica fraction increasing above 
70% (Fig. 3.6), while the MNT yield decays, clearly suggesting that it is MoO3 and not 
SiO2 that catalyzes the reaction. Additional experiments at shorter milling times as the 
most readily controlled experimental parameter may be needed to establish quantitative 
trends describing the MNT formation alone. 

Although the MNT yield and product recovery correlate also for the experiments 
performed at different temperatures (Fig. 3.4), the yields of both dimers, important 
reaction byproducts, follow a different trend. An increase in the production of dimers at 
elevated temperatures suggests a change in the reaction mechanism or an accelerated 
decomposition of the produced MNT, when the process temperatures are higher. These 
observations suggest that describing the present mechanochemical reaction theoretically 
would not be successful if only one global reaction, e. g. reaction 2.1 is assumed. 
Additional reactions need to be included, which would account for either direct formation 
of byproducts or for decomposition of the generated MNT.  

To consider the effect of added silica on the MNT yield (Fig. 3.5), which was maximized 
when 30% of silica were added, one may need to account for the combined effect of the 
remaining catalyst (MoO3) and an increased surface area of the solid caused by the added 
silica. The increased surface area is expected to lead to a greater number of mechanically 
activated reaction events, or greater overall reaction rate. The presence of MoO3 should 
account for an effective formation of MNT once the reaction is mechanically activated. It 
is unlikely that adding relatively small amounts of silica affected significantly the rate of 
reaction because the peak of MNT yield was observed for the same fraction of silica 
replacing MoO3 when different types of silica were used (Fig. 3.5), which were expected 
to produce different surface areas available for the reaction. The yield peak at about 30% 
of silica is likely associated with the specific MoO3/SiO2 ratio, which could affect 
catalytic activity of MoO3, e.g., by altering a balance between Lewis and Brønsted acid 
sites in MoO3 [83]. It was also reported that silica can interact with MoO3 and improve its 
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catalytic activity by forming polymolybdates [21]. Still, another possibility is that the 
added silica helps generating defects, serving as active sites on MoO3. The effect of 
catalyst and its support require further investigation, which can be warranted if the 
mechanochemical nitration of toluene is to be developed for practical applications.  

The relationship between the observed MNT yield, possible reaction mechanism, and the 
surface area of the solids should also be briefly discussed. Table 3.3 shows selected 
surface area measurements for 1/8" and 1/4" steel balls with and without 30 % silica, 
milled in the intermediate temperature regime at effectively 50.2 ± 1.7 °C. Taking the 
size of the toluene molecule as about 6 Å, derived from its molar volume, the 
corresponding coverage of the available surface with a toluene monolayer was estimated, 
and is shown in Table 3.3. A similar estimate is made and shown for MNT as well. The 
available toluene, if spread uniformly across all solid surface, may form 1-2 monolayers 
in the cases without silica. It may only form a discontinuous monolayer in the case with 
silica. In both cases, the estimates suggest that the reaction occurs heterogeneously at the 
surface in a very thin liquid layer, with properties distinctly different from that of a bulk 
liquid. The data in Table 3.3 may also suggest that without silica, the available catalyst 
surface may be rate limiting, while the catalyst surface could be more effectively used 
with the high-surface area fumed silica added. Note that the formed MNT can only cover 
a fraction of the available surface and thus is unlikely to result in a substantial reduction 
in the available catalyst surface. Clearly, such assessments are approximate and combine 
the toluene present in the milling vial at the beginning of the run with the solid surface 
measured after the experiment. As the milling run progresses, the amount of toluene 
decreases.  In runs without silica, the solid surface is expected to increase, at least 
initially; conversely, the surface is decreasing with time in runs with silica present. 
Despite the general decrease in the surface area in the latter case, the surface of 
composite MoO3/SiO2 particles acting as the catalyst, must be increasing.  

Table 3.3 Selected Surface Area Measurements and Surface Coverage Estimates 

Sample 
ID 

Ball 
diameter 

silica 

fraction 
SA, 
m2/g 

surface coverage 
with toluene 
monolayer 

MNT 
yield 

surface coverage 
with MNT 
monolayer 

610A 1/8" 0 % 13.1 147 % 19.3% 28 % 

610B 1/4" 0 % 18.4 104 % 37.9% 39 % 

610C 1/8" 30 % 44.8 43 % 48.5% 21 % 

610D 1/4" 30 % 45.8 42 % 60.9% 25 % 
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3.5 Conclusions 
This study has proven that high, practically significant yields of MNT, are attainable by 
mechanochemical reaction of toluene and sodium nitrate with molybdenum oxide as a 
catalyst, and without any added solvents. The reaction occurs with a high MNT yield 
when the ratio of liquid to solid is low, so that toluene is effectively spread in a 
monolayer on the surface of the catalyst. The rate of the mechanochemical nitration 
increases with the number of collisions; the reaction efficiency is also strongly affected 
by the energy dissipated in the collisions. Adding silica to the catalyst MoO3 increases 
efficiency of the mechanochemical nitration of toluene as long as a sufficient amount of 
the catalyst remains available. The results suggest that introducing one global reaction 
may be inadequate for modeling mechanochemical nitration of toluene. Yields, which 
were optimized at a specific milling time and with specific silica content, will need to be 
modeled using additional reactions. Additional reactions are also necessary to describe 
the observed formation of byproducts, and its dependence on the milling temperature. At 
low concentrations of catalyst, direct oxidation of toluene by sodium nitrate can generate 
benzaldehyde, one of the main byproducts. Further work is needed to understand the 
reason for reduced yield and recovery at longer milling times; use of other solvents or 
other extraction techniques is necessary. 
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CHAPTER 4: PRELIMINARY WORK ON NITRATION OF DIFFERENT 
ORGANIC COMPOUNDS 
In addition to the extended effort on nitrating toluene, as discussed above, this study 
addressed preliminarily nitration of two additional organic compounds illustrated in Fig. 
4.1, along with toluene. Feasibility of secondary nitration of toluene was also 
investigated.  

 

Toluene Anisole Naphthalene 

   
Figure 4.1. Organic compounds nitrated in this study 

Experiments with anisole used a planetary mill, ¼” diameter steel balls, and continuous 
milling with milling fins installed. The solid to liquid loads were similar to those used for 
toluene. Naphthalene nitration was tested in a shaker mill.  

Results of the GCMS analyses of the prepared nitrated compounds are shown in Fig. 4.2. 
It is apparent that nitrated species are generated in each case, suggesting that the 
mechanochemical nitration of organic compounds can be developed as a versatile, 
scalable, and environmentally benign alternative to the current technologies.  

 

Figure 4.2.  GCMS traces for selected mechanochemical experiments on nitration of 
toluene, anisole, and naphthalene.  
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CHAPTER 5: CONCLUDING REMARKS 
This study investigated mechanochemical nitration of aromatic compounds with a 
specific focus on the nitration of toluene because of the considerable industrial 
significance of nitrotoluene.  The feasibility of this approach has been clearly 
demonstrated and practically significant product yields have been obtained. A number of 
important parameters affecting the desired product yield and selectivity have been 
identified and studied.  These include the ratios of the reactants to each other and to the 
catalyst, milling time and temperature, milling media size and density.  The enhancement 
of the MoO3 catalytic activity by adding silica has been explored and the optimum 
fraction of silica has been identified.  The mechanism of this process appears to be 
complex and still needs to be explored in the future studies, but this study did provide 
several clues which promise to be useful in that quest. It is interesting that the reaction 
appears to occur heterogeneously, at the surface of catalyst particles, suggesting a new 
nitration mechanism observed here.  

Potentially, the explored method of nitration of organic compounds is readily scalable 
and does not require development of new equipment or facilities. Understanding the 
reaction mechanism would allow one designing process and selecting the process 
parameters best suited for practical nitration. It is expected varying the catalyst and 
combining it with a material, which could serve as a molecular sieve, like zeolite, could 
lead to a substantially better selectivity and thus greater value of the generated nitrated 
products. It is further necessary to consider possibility of recycling the catalyst, which 
would significantly improve the value of the new technology.  
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APPENDIX A: DERIVATION OF THE MILLING DOSE FORMULA 
Consider collision frequency by analogy to the collision frequency of molecules given by 
the molecular theory for collision of molecules in a gas. In that case, the collision 
frequency is: 

𝑍𝑍𝑖𝑖𝑖𝑖 =
√2
2
𝜋𝜋𝑑𝑑2〈𝑐𝑐〉 �

𝑁𝑁
𝑉𝑉
�
2

 

Where d is molecule diameter, N is the number of molecules, V is volume, and c is 
speed.  For the present estimate, the balls can be treated as molecules, so that the d and N 
are respectively diameter and number of milling balls. Note that balls in the milling vial, 
unlike molecules in an ideal gas, move together. Thus, multiple collisions involve more 
than two balls at the same time. This effect is strong, but is not accounted for in the 
present estimate. The effect becomes stronger as the number of balls increase, while their 
size is reduced to maintain a constant BPR. Thus, the effect of ball size on the collision 
frequency is expected to be underestimated.  

With this in mind, the milling dose can be expressed as  

𝐷𝐷 = 𝑍𝑍𝑖𝑖𝑖𝑖 ∙ �
𝑚𝑚𝑣𝑣2

2
� 𝑡𝑡 

𝐷𝐷~𝑑𝑑2𝑁𝑁2 ∙ �𝑚𝑚𝑣𝑣2

2
� 𝑡𝑡~𝑑𝑑2𝑁𝑁 ∙ 𝑀𝑀 ∙ 𝑡𝑡, 

Where mass of balls M=N·m, and the effect of velocity v is removed taking into account 
that the velocity is driven by the vial motion and thus is the same for all experiments 
using the same mill. It is further assumed that differences in volume are negligible for 
different cases.  

𝑀𝑀 = 𝑁𝑁𝑚𝑚 = 𝑁𝑁 ∙ 𝜌𝜌
𝜋𝜋𝑑𝑑3

6
 

𝐷𝐷~𝑑𝑑2𝑁𝑁 ∙ 𝑁𝑁 ∙ 𝜌𝜌
𝜋𝜋𝑑𝑑3

6
∙ 𝑡𝑡 

Number of balls can be taken as 𝑁𝑁 = 𝑀𝑀

𝜌𝜌𝜋𝜋𝑑𝑑
3

6

 

Thus 

𝐷𝐷~𝑑𝑑2
𝑀𝑀2

𝜌𝜌 𝜋𝜋𝑑𝑑
3

6

∙ 𝑡𝑡 =
𝑀𝑀2

𝜌𝜌𝜋𝜋𝑑𝑑6
∙ 𝑡𝑡~

𝑀𝑀2

𝜌𝜌𝑑𝑑
∙ 𝑡𝑡 

Finally, for the same mass of balls,  

𝐷𝐷~
𝑡𝑡
𝜌𝜌𝑑𝑑
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Considering collective ball motion and significant role of collisions involving 
simultaneously more than two balls, it is likely that the effect of ball size d is stronger 
than estimated above.  
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