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Abstract

2 and 3- nitrobenzaldehydes are two isomers involved in a wide range of fine chemicals production,
from dyes to pesticides. They are also employed in highly priced materials production such as
pharmaceuticals, photo-removable protecting groups, and non-linear optical materials. Direct fed-
batch nitration of benzaldehyde for their production suffers from different drawbacks such as the
difficulties in controlling the two isomers yields at different nitrating agent compositions and the
possibility of thermal runaway of the system. Moreover, adopting the traditional processes of
production of benzaldehyde, it is impossible to obtain chlorine-free benzaldehyde and high
temperatures and pressures are required. In this thesis, the possibility of synthesizing 2 and 3-
nitrobenzaldehyde, using both benzyl alcohol and benzaldehyde as a row material, is investigated in
concentrated mixtures of nitric and sulfuric acids, i.e. mixed acid. In fact, despite the new interest for
innovative and alternative nitrating agents, mixed acid still represents the most used and effective
reaction media in nitration processes. The adoption of benzyl alcohol as an alternative organic
substrate is attractive since it is a lower priced material obtainable in high purity. In this work a
successful attempt of conducting tandem oxidation-nitration reaction in a one step process is shown,
highlighting the advantages and the drawbacks of this process and proposing some possible
alternative reactor design solutions.

A first investigation was devoted to clarify some aspects concerning nitric acid speciation in
concentrated ternary mixture of nitric acid, sulfuric acid and water and the relative influence of the
acids concentrations on their dissociation. As a result, different semi-empirical and empirical
correlations were proposed to predict nitronium jon concentrations at varying conditions, defining
and overcoming the limitations of the conflicting theories proposed in the literature. Moreover, the
study of the influence of sulfuric acid on nitric acid dissociation helped in developing more reliable
kinetic models.

A kinetic modeling of tandem oxidation-nitration of benzyl alcohol to nitrobenzaldehydes was
developed in order to successfully predict the behavior of the reacting system at varying process
conditions and clarify the mechanisms of reaction. Specifically, the influence of temperature and
composition of the reaction media was clarified. The developed kinetic model elucidated the
mechanism of formation of important intermediates such as the coordinated form of nitronium ion

with the aldehydic group of benzaldehyde to form ortho-nitrobenzaldehyde.



The intensification of nitrobenzaldehydes synthesis was studied using a commercially available
microreactor, which allowed to carry out the process under harsher conditions. As a result, it was
possible to produce the two isomers with the highest yields obtained so far.

Finally an extension of the developed model to investigate benzaldehyde nitration kinetics under

heterogeneous liquid-liquid conditions was provided.



1. Background

1.1. Nitration processes

1.1.1. Importance of nitration processes

Nitration processes are among the oldest and more common processes in the chemical
industry. They are carried out to produce a wide range of bulk and fine chemicals involved in
the synthesis of a great variety of chemical products, from the high-throughput production of
explosives, fertilizers, pesticides, and dyes to the finest highly priced pharmaceuticals and
innovative materials for research and innovation purposes (Urbanski, 1964; Wang et al., 1988;
Chen et al., 1998; Kockmann et al., 2009; Kulkarni et al., 2009; Kulkarni, 2014).

All the reactions of addition of an -NO, group to an organic substrate (often aromatic) are
usually included (Hoggett et al., 1971; Olah et al., 1989) under the broad definition of
nitration processes. The first reported nitration reaction was the nitration of benzene in red
fuming nitric acid, in the first half of the XIX century, by Mitscherlich (1834). Since then, the
importance of this class of reactions was rapidly recognized by chemists and academics,
leading to several studies to investigate the reaction mechanisms and alternative nitrating
agents. In this respect, nitration reactions also played a key-role in the development of
theoretical organic chemistry and, specifically, in the electrophilic aromatic substitution
mechanisms and in the evaluation of the effects of different substituents on its orientation
(Stock, 1976; de Queiroz et al., 2006; Galabov et al., 2016).

1.1.2. Nitration reactions

Nitration reactions can proceed via a free radical and an ionic mechanism (Olah et al., 1989).
The first mechanism is by far the less studied and it is generally carried out in gaseous phase
for the nitration of aliphatic compounds (Markofsky et al., 2003). It proceeds through a
radical chain reaction pattern initiated by the thermal, photolytic, or radiolytic homolysis of

N,O, to generate NO; radicals.



Nitrations of aromatic substrates proceed by an ionic mechanism (Hughes, 1950; Olah, 1971).
In this case, the nitrating agent is nitronium ion that is formed by an acid catalyzed
mechanism resulting in the de-hydration of nitric acid. The equilibrium of nitronium anion

generation can be generally written as

HNO; + HA 2 NOS + A~ + H,0 rl.1

In reaction r.1.1 nitric acid acts as a base. As a result, in order to give nitronium ion at
significant concentration a very strong acid HA must be used. Since its first adoption by
Hoffmann and Muspratt in 1845 (Booth, 2003), sulfuric acid was usually used as a nitrating
homogeneous catalyst and homogeneous mixtures of concentrated nitric and sulfuric acid are
nowadays the most studied and known nitrating agent (Kulkarni, 2014), also named mixed

acid. In this case, equilibrium r.1.1 is usually reported as

HNO; + H,S0, 2 NOS + HSO; + H,0 r.1.2

Organic substrates also undergo nitration processes in pure or highly concentrated aqueous
nitric acid. In this case, the self-ionization reaction is

HNO; + HNO; 2 NO} + NO3 + H,0 r1.3

However, nitronium ion concentrations formed according to r.1.3 is significant only for nitric
acid weight percentage higher than 95% (Schofield, 1981) and is superseded by r.1.2, when
sulfuric acid is present. Although several attempts were made to investigate alternative
nitrating systems, mixed acid is the most adopted nitrating mixture, so far.

According to the most reported reaction mechanism, once formed, electrophilic nitronium
ions can attack the electrons of organic substrates aromatic ring to form a high-energetic ionic
reaction intermediate, namely o-complex or Wheland intermediate (Wheland, 1942; Koleva et
al., 2015). It regains its aromaticity by loss of the proton on the sp® carbon, leading to the

formation of the substituted nitrated product (Fig. 1.1)



NO, H NO, H  NO, H NO,

— — A T—= + HA

Fig.1.1. Aromatic electrophilic nitration mechanism.

Aromatic mono-nitrated products can be nitrated several times to give poly-nitrated
compounds. However, the first nitro substituent is usually strongly deactivating so that
harsher conditions, i.e. more acidic media and higher temperatures, are usually necessary to
carry out poly-nitration reactions. As a result, dangerous side reactions could be triggered. As
an example, although 1,3,5-trinitrobenzene could be produced through the further nitration of
1,3-dinitrobenzene, the decarboxylation of 2,4,6-trinitrobenzoic acid is usually preferred to
avoid the extensive occurrence of side reactions and low yields (Booth, 2003).

From a thermodynamic point of view, nitration reactions are strongly exothermic; in fact, the
mono-nitration of benzene has a AH of - 117 kJ/mol (Booth, 2003). For this reason, thermal
control is fundamental when running nitration reactions and a loss in the thermal exchange or
a mistake in the reactants loading can easily cause an increase in the reacting system
temperature, with the consequent trigger of even higher exothermic side reactions and the
formation of gaseous products that can pressurize reactors and lead to a thermal explosion
scenario. According to Barton et al. (1997), fifteen industrial incidents were reported in
nitration plants, second in number only to polymerization plants (65 incidents), demonstrating
that nitrations are among the most hazardous chemical processes carried out in the chemical
industry, since polymerization plants are by far more prevalent.

Electrophilic aromatic nitration Kinetics have been widely investigated during the last century
and their understanding is of crucial importance in defining the most convenient and safe
conditions under which running the processes. Nitration kinetics are strongly dependent on

the mechanisms presented in reaction r.1.1 and Scheme 1. They can be summarized as

k ir
HNO, + HA ¥ NO} + A~ + H,0 rla
Kiny
NO; + A~ + H,0 -2 HNO, + HA r.l5
Kin -H* A
Ar + NOF 55 ArNOF —> ArNO, r16



where r.1.4 and r.1.5 are the direct and inverse reactions of equilibrium r.1.1, and r.1.6
represents the formation of the o-complex and the successive nitrated product formation
(Hoggett et al., 1971). The rate determining step could be both the nitronium ion or the
Wheland intermediate formation depending on the adopted reaction conditions and the
possible presence of solvents. In the absence of sulfuric acid or much water, the reaction rate
was observed to be independent on the aromatic concentration suggesting that in this case the
rate determining step is the formation of nitronium ion, since k;,:[Ar] > kin,[H,0].
However, in most practical cases, the solubility of aromatics in the aqueous nitrating mixtures
is fairly low and water is present at sufficiently high concentration so that the equilibrium
condition expressed by reaction r.1.1 is reached much faster than the attack of the nitronium
ion to the aromatic ring (Hoggett et al., 1971). A typical nitrating agent for large-scale
aromatic mono-nitrations is reported to be 20% wi/w nitric acid, 60% w/w sulfuric acid, and
20% w/w water (Booth, 2003), namely standard mixed acid. In this case, the reaction rate is
first-order in the concentration of the aromatic species and the following expression can be
adopted

r = kin[AT][NOS] eq.1.1

1.1.3. Nitration processes in the chemical industry

The first developed nitration process, started in 1856, was the aniline production, that was
firstly employed in dyes and pigments synthesis (Booth, 2003). Nowadays, the production of
dyes and colorants is still one the most important manufacturing sectors to depend on nitration
productive units. However, with the ever-growing demand for food industry products, and as
a result of the mass-production applied to the technology of warfare during the XX century,
bulk chemical productions of explosives and agrochemicals (fertilizers, pesticides, herbicides,
et cetera) are the main industrial applications of nitration processes. But nevertheless, at
present, nitration processes are also developed for the production of highly priced fine
chemicals with important applications in pharmaceutical drugs and new materials synthesis.
Almost all of the nitrated products of industrial interest are produced via aromatic direct

nitration. Together with the above-mentioned aniline, other nitrated key-intermediates in the



industry are nitrobenzene, nitrotoluene and nitrochlorobenzenes. Fig. 1.2 summarizes the
fundamental products of nitration processes and their applications.

A general scheme of a mixed acid-based nitration plant is presented in Fig.1.3. The nitrating
mixture and the organic substrate are fed to the reactor. Nitration reactors are both continuous
or batch, depending on the required productivity of the specific process. For low-tonnage
productions batch or fed-batch enamel lined mild steel reactors are usually preferred. Major
requirements to be met in the design of reactors are connected with the high exchange surface
and the efficient mixing system needed for a precise temperature control and an effective
mass transfer between the partially miscible liquid organic and acid phases. Thermal control
is usually operated coupling a cooling jacket with an internal cooling system. In order to
enhance the exchange of generated thermal power and the contact between the immiscible
phases without overloading and overdimensioning the mixing system, the vessel volume is
generally limited to 6000 L (Booth, 2003). Other issues to be taken into account are related to
the required excess of nitrating agent, which occupies a significant volume, and the prolonged
reaction times, resulting from low adopted temperatures to reduce the generated heating
power (Kulkarni, 2014).
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Fig. 1.2. Main industrial nitrated products.

For higher tonnage productions, such as nitrobenzenes, nitrotoluenes and
nitrochlorobenzenes, continuous reactors have been adopted on a commercial scale.

The output stream usually consists of spent acids, with an increased amount of water
generated during the nitration process by reaction r.1.1, unreacted organics, by-products and a

mixture of nitrated isomers, as a result of the different selectivity towards the different nitro



group positions on the aromatic ring (Kulkarni, 2014). As a consequence, a first separator is
provided after the reactor to recover spent acids, mostly sulfuric acid, that are successively
concentrated and recycled into the reactor. The crude organic mixture is then washed to
remove residual acids and distilled/separated/purified to obtain the desired isomers. The

unconverted organic substrate is separated and recycled into the reactor.

Organic substrate Unreacted substrate
Primary
product
Reactor Separator Washer Still —
HNO,
_—
H,S0O,
Spent acid Acid Residual Secondary products
Concentrator
1 Water

Fig. 1.3. General scheme of an industrial nitration plant.

1.1.4. Nitrating agents

As previously stated, nitronium ion is the real nitrating agent in electrophilic aromatic
nitrations. Its formation in the reaction mixture is traditionally related to the acid catalyzed
ionization of nitric acid. For reasons of convenience and economics, the acid catalyzed
dissociation is usually carried out using sulfuric acid. However, several drawbacks are
associated with the adoption of mixed acid as a nitrating mixtures, linked to the continuous
acid residual formation and the dilution of the system due to water formation as the nitration
of the organic substrate occurs. For these reasons, in the last 50 years, several studies focused
on the adoption of new nitrating systems. The innovative studied nitrating mixtures are based

on different approaches:

- adoption of a solvent in order to carry out nitrations in a homogeneous phase and to

influence the ionization of nitric acid. To this regard, no easy correlations can be



inferred between the solvent polarity and the effect on the reactivity (Hoggett, 1971),
probably because of the formation of aggregates of molecules of nitric acid;

- substitution of sulfuric acid with other strong acids such as HCLO, or nitric acid itself;

- substitution of nitric acid with alternative X — NO, molecules to generate nitronium
ions; in this regard, more electronegative X groups correspond to stronger nitrating
agents, since higher concentrations of NO5 are generated in a shorter time. In this
case, nitronium tetrafluoroborate, BF,NO,, and acetyl nitrate, CH;C00 — NO,, are
the most studied and adopted. However, a study (Andreozzi et al., 2002) involving
nitrating mixtures containing acetyl nitrate revealed a high hazard related to the

gaseous product generation as a result of its thermal decomposition.

Although several studies have been conducted on alternative nitrating mixtures, mixed acid,
aqueous nitric acid and red fuming nitric acid are still considered the most convenient ones,
and the adoption of alternative compounds is often limited to supporting studies rather than to
practical applications in nitration plants. Fig. 1.4. shows the relative percentage of published
papers investigating the different nitrating mixtures in the last 50 years, as shown by Kulkarni
(2014).

cCl#HNO,  HNO3+H,S0,+CH;COOH

CH;NO,+HNO,

Sulpholane+BF,NO,

Fuming HNO;

HNO,+H,50,

5.3% Aqueous HNO;

CH,CN+HNO,

5.3%
HCIO,+HNO, CH,C(0)ONO,+(CH,C0),0

ulpholane+HNO,

6.9% (CH,C0),+HNO, CH3;COOH+HNO,
7.2% 7.2%

Fig. 1.4. Relative incidence of different nitrating mixtures over the last 50 years
literature (adapted from Kulkarni, 2014).



1.2. Thermal explosion hazard

1.2.1. Thermal runaway and thermal explosions

A thermal runaway is defined as the unconstrained increase of temperature, as a result of the
loss of thermal control of an exothermic reaction. The most common incidents due to thermal
runaway scenarios were caused by conditions in which the heat generation of a chemical
reactive system exceeded the heat dissipation capacity of the thermal exchange system
(Gygax, 1988). This scenario may be generally due to accidental changes of the operating
conditions, such as the refrigerant flow rate, the reactants loading, and an inadequate mixing.
A traditional simplified approach in describing the thermal power balance in a refrigerated
jacketed vessel is presented in Fig. 1.5.

In the hypothesis of an exothermic reaction with a heat of reaction of AH, with an Arrhenius
dependence on the temperature T, operated in an ideally stirred tank reactor of volume V, the

generated thermal power P4, at the initial reagent concentration c, is

E

where n is the order of reaction. On the other hand, the dissipated thermal power Pp, is

Tout eq.1.3
Pp, =0 J cpdT = UA (T — Tg)

Tin

where Q is the refrigerant flow rate, T;, and T,,; the inlet and outlet temperature of the
refrigerant stream, respectively, c, the specific heat of the refrigerant, U the global heat
transfer coefficient, A the exchange surface, and T the mean integral temperature along the
cooling circuit. Typical profiles of P;; and Pp, as a function of the temperature are shown in
Fig. 1.5. An operational reactor is usually maintained in an unstable equilibrium (Gygax,
1988) state where P;; = Ppq, represented by point A in Fig. 1.5. Under those condition, an
increase in temperature, leads to a generated power higher than the dissipation capacity of the

system with a consequent further temperature rise. On the contrary, a decrease in temperature



drives the system toward a stable equilibrium represented by the low temperature point B in
Fig. 4.

P (W)

T(K)

Fig. 1.5. Generated (Pg) and dissipated (Pp) thermal power in a refrigerated tank

reactor as a function of temperature.

However, an error in the operating conditions can change the relative position of the functions
in Fig. 1.5. For example, a failure in the refrigerant fluid pumping or an undesired fouling of
the heat exchanger surfaces can reduce the dissipated thermal power from P,; to Py, in a
condition under which the generated thermal power is always higher than the dissipation
capacity of the cooling system with a consequent uncontrolled increase in temperature. An
increase in temperature results in a higher reaction rate and generated thermal power. Fig. 1.6

summarizes the uncontrolled positive feedback mechanism.

INCREASING
TEMPERATURE
INCREASING
GENERATED THERMAL
POWER
INCREASING

REACTION RATE
Fig. 1.6. Positive feedback mechanism in thermal runaway.
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Although a theoretical stable condition at higher temperature exists, these conditions, in the
absence of an adequate control systems, easily lead to a thermal runaway, since the increase in
temperature can trigger secondary exothermic reactions and decompositions of the generated
compounds to form gaseous products. Undesired secondary reactions, that are generally
absent or very slow under normal operating conditions, can assume a significant role in the
generation of an additional thermal power, since they usually are highly exothermic. The

generated power expression, eq. 1.2, changes as follow
Pgz = Pg1 + Pguna(T) eq.l.4

where P; ,,q(T) is the additional generated thermal power due to the undesired secondary
reactions. Fig. 1.5 shows the absence of stable operating conditions, seeing that P;, > Pj, at
every T. It must be specified that eq.1.2 does not take into account the consume of the
substrate that results in a decrement in the generated thermal power as the reaction proceeds.

A conservative general criterion to establish whether a thermal runaway can set off a chain
reaction-caused explosion, is the evaluation of the adiabatic temperature rise AT, defined as
the increase in temperature of a reacting mixture as a result of an exothermal reaction under
the assumption of no heat transfer to or from the environment. In a batch reactor it can be

estimated as
B (=AH)-n eq. 1.5
where n are the moles of reactant, m,,;, the mixture mass, and c, its mean specific heat
capacity. If the maximum adiabatic temperature T, ,,

Tmax = To + ATgq ed. 1.6

is higher than the onset temperature of secondary reactions a serious risk for secondary

reactions to take place exists.

To summarize, in order to turn a thermal runaway in a thermal explosion scenario additional

conditions must be met:
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- the reacting system must be strongly self-accelerating, i.e. a small increase in temperature
shall determine a significant increase in the reaction rate that will rapidly cause a further
temperature increase and trigger secondary reactions;

- pressurization of the reactor. This is generally caused by high-temperature-activated
decomposition reactions with formation of gaseous products that can pressurize a confined
reactor. If gas formation is sufficiently fast, bursting discs and venting valves cannot prevent

the mechanical burst of the vessel.

Some of the most famous incidents in the chemical industry, i.e. Seveso and Bhopal disasters,
were caused by thermal runaways. 189 incidents, in which runaway in batch reactors have
occurred, have been reported during the period 1962-1987 (Barton et al., 1989) whereas a
recent study (Saada et al., 2015) analyzes 30 new incidents reported between 1988 and 2013.
In this last study, it is shown that, although the number of incidents was drastically reduced,
the number of fatalities and injuries have more than quadruplicated and triplicated,
respectively. Among the most probable technical causes, most authors proposed the
mischarging of the reactants in their relative amounts or their order, the failure of the agitation
system, the presence of impurities capable of dramatically affecting the reactivity of the
systems, and the poor understanding of thermo-reaction chemistry (Etchells, 1997; Westerterp
et al., 2006).

Therefore, the need of assessing and predicting the hazard connected with processes in which
a thermal explosion scenario is possible has arisen.

In this regard, a first screening to indentify the possible violent and explosive decomposition
of key products and by-products is based on different empirical and semi-empirical
approaches (Gustin, 1993). Lists of hazardous reactions (Bretherick, 1990) and processes
associated with a high probability of thermal runaway and explosion (Barton et al., 1989) are
nowadays available. Moreover, explosophoric group methods can be adopted to evaluate
potential risk connected with the presence of highly likely explosive functional groups in the
molecules involved in the process. Finally, a preliminary evaluation can be carried out
adopting the Chetah method (Chemical Thermodynamics and Hazard evaluation), proposed
by the ASTM International. This method is based on the calculation of four indices related to
the maximum heat of decomposition, the heat of combustion, the oxygen content, and a fourth
semi-empirical index. The simultaneous evaluation of the four indices can be indicative of an

intrinsic hazard related to the deliberate adoption, and the desired or undesired formation of a
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specific compound in a chemical process. In the event that one of the above-mentioned
screening criteria suggested a likely hazard, further investigations need to be conducted.
Ideally, experimental investigations should be devoted to a complete thermo-Kinetic
characterization of the reactive system under normal operating conditions and as a result of
deviations from the optimum design conditions. In this regard, several works were published
about by-products identification in a thermal runaway (Lunghi et al., 2002), dynamic
processes evolution (Ball et al., 2013), kinetics characterizations (Andreozzi et al., 2006; Di
Somma et al., 2012), thermal decompositions and calorimetric investigations (Westerterp et
al., 2006; Chen et al., 2012; Gustin, 1993; Das et al., 2011; Patil et al., 2012), simulations of
runaway phaenomena (Kotoyori, 1991; van Woezik et al., 2001; Copelli et al., 2014; Chen et

al., 1996) and new general runaway criterions (Zaldivar et al., 2003).

1.2.2. Explosion hazard in nitration processes

Nitrations are among the most hazardous industrial processes. Available analyses (Barton et
al., 1989; Saada et al., 2015) reported 17 serious incidents related to thermal runaways of
nitrating reactive systems in the last 50 years. This number is second only to the incidents
occurred in polymerization processes, but it is extremely significant if one considers that
polymerization processes are by far more prevalent.

Nitrations meet all the requirements for the onset of a thermal explosion. They are strongly
exothermic with a heat of reaction AH ranging from -73 to -253 KJ-mol™ (Kulkarni, 2014).
They are usually carried out in mixed acid or concentrated nitric acid and their reaction rate is
very sensitive to small variations in the acid mixture composition and operating temperature,
so that an accidental increase in the temperature can easily lead to a self-accelerating reactive
system. Several secondary exothermic reactions can be activated as a result of a deviation
from the design operating conditions:

- nitric acid decomposition: red fuming nitric acid continuously decomposes into gaseous
nitrogen oxides (NO,). The decomposition is also present in aqueous nitric acid and it is
accelerated in the presence of sulfuric acid; the amount of nitrogen oxides increases at higher
temperatures (Di Somma et al., 2014a);

- oxidation reactions: nitric acid is a strong oxidizing agent and the exothermic oxidation of

organics is possible in mixed acids. This can decrease selectivity towards desired products
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under normal operating conditions and generate a significant amount of additional thermal
power in a thermal runaway;

- poly-nitrations: they often occur under harsher conditions than mono-nitrations; poly-
nitrated products are formed during the uncontrolled increase in temperature;

- nitro-compounds decomposition: nitrated organic or aliphatic compounds are commonly
used as explosives. This is due to the fact that, under heating, pure nitro-compounds usually
remain stable up to 250-350 °C (Gustin, 1998). Beyond their onset temperature, their
decomposition is rapid, violent, and exothermic with a decomposition heat of about 1000 J/g.
However, in a nitration plant, nitro-compounds are always present as a reaction mixture of
different isomers, acids, and impurities. Under these conditions, their thermal stability is
much lower than in pure compounds and explosive decompositions can be possible at lower
temperature (Bretheric; 1990; Booth, 2003). For example, a mixture of nitric acid, sulfuric
acid, and di-nitrotoluene was reported to explode at 130°C, although pure di-nitrotoluene is
stable until 250°C (Gustin, 1998).

All the reported secondary reactions are strongly exothermic and some of them proceed with
the formation of gaseous products so that the pressurization of the reactor can be very likely.
It is worth noting that the nitration reactor is not the only hazardous unit in a nitration plant.
In distillation and purification units of Fig. 1.3, a mixture of nitrated compounds is usually
heated in order to separate the different fractions. Moreover, particular attention must be paid
to washing operations of acid mixtures at the outlet of the reactor, that could contaminate
nitro-compounds with alkali, capable of further reduce their thermal stability (Gustin, 1998;
Booth, 2003).

The active interest of the scientific community in the continuous research of safer operating
conditions is evident from the great number of efforts made in assessing and characterizing
nitrating reactive systems (Andreozzi et al., 1992; Cantillo et al 2014; Lunghi et al., 2002;
Klais et al., 2009; Kowalczyk et al., 1997; Maestri et al., 2009; Andreozzi et al., 2006; Chen
et al., 2012; Zaldivar et al., 1993; Maestri et al., 2006; di Miceli Raimondi et al., 2015; Di
Somma et al., 2012; Chen et al., 1998; Chen et al., 1996; Zaldivar et al., 1992; Wiss et al.,
1995).
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1.3. Innovative reactors for chemical synthesis: an overview on microreactors

On the basis of the previous considerations, it is clear that a high-quality-output and safe
production of nitrated products must meet the following fundamental requirements: an
efficient thermal power dissipation and a well-designed mixing between the immiscible
organic and acidic liquid phases in order to realize a stringent and punctual control of the
operating conditions. Therefore, the scale-up from a lab scale to a pilot plant, and from a pilot
plant to a full-scale reactor is of crucial importance in designing the process. In this regard, it
is clear why sectoral studies focused their attention on new inherently safer reactor
configurations. Specifically, a particular attention was paid to microreactor systems.
Microreactor technology is particularly suitable for highly priced materials production, such
as pharmaceuticals or innovative materials (Roberge et al. 2005; Roberge et al., 2008; Wong-
Hawkes et al., 2006). The interest for microreactors is proved by the exceptional increasing
number of publications of the last 30 years (Fig. 1.7).

The broad definition of “microreactors” refers to a big number of different devices with a
typical size ranging from a few tens of microns to a few millimeters. Microreactors are also
distinguished by manufacturing materials, techniques and micro-mixing devices. Most
adopted materials are metals and metallic alloys, glass and ceramic, polymers and silicon
(McMullen et al., 2010; Knapkiewicz, 2013). This makes it very difficult to have a global and
united vision of the topic. The available studies often refer to “miniaturized devices”
produced by photo-lithographic techniques with characteristic size of tens of microns (Watts
et al., 2005; Knapkiewicz, 2013).
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Fig. 1.7. No. of publications on microreactors between 1990 and 2014.
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Despite the unquestionable importance of these studies for lab-scale optimization techniques
and for the understanding of micrometric phenomena, these devices have only little relevance
for industrial applications because of the limited amounts of obtainable products, high costs,
and complexity of their manufacturing. On the other hand, microreactors present absolutely
exceptional performances in the enhancement of transport phenomena. Small internal
diameters make radial diffusion and dispersion very effective in inter-phase mixing. The
surface/volume ratio can be several orders of magnitude higher than in the bulk of a
traditional batch reactor. In the case that diffusion and dispersion are not effective in allowing
favorable reaction conditions, micro-mixing devices assume a crucial importance, as shown in
different review papers (Cherlo et al., 2009; Kockmann et al., 2009; Suh et al., 2010). An
incredible variety of micro-mixing devices is also reported in the literature. In this case too,
the challenge is to combine efficient performances, minimizing the manufacturing
complexity.

The ratio between the external surface and internal volume in microreactors is also
exceptionally high, allowing an enhanced thermal exchange and a punctual temperature
control also in the case of exothermal reactive fluid dynamics. Ultimately, even though a
laminar flow is the typical flow regime in microreactors, micro-dimensional scales allow a
thermal and material exchange absolutely atypical for traditional macroscopic reactors
operating under the same fluid dynamic conditions. It is worth to mention that such an
efficient heat exchange is achievable not only under strictly defined micrometric conditions (<
100 pum), but also with millimetric devices (Kulkarni et al., 2009; Kockmann et al., 2009).
Therefore, millimetric devices are a very interesting industrial technology for highly priced
materials synthesis, since they combine the advantages of micrometric scale devices with
significant productivity and flexibility. It should be remembered that millimetric scales are
also economically attractive for the reduced complexity of their manufacturing process. The
typical productivity of a single device is of Kgs of product per day (Zhang et al., 2004).
Microreactors also represent an attractive alternative to the problem of the scale-up of
traditional reactors, seeing that it could be replaced by an easier “numbering-up”, once the
process is optimized for the single micro-productive unit (Roberge et al., 2009; Nemethne-
Sovago et al., 2014).

Lastly, it is important to emphasize the importance of simulative techniques in the
understanding of transport phenomena in microreactors (Cherlo et al., 2009), considering that
small dimensional scale do not easily allow a feasible adoption of micro-sensors to monitor

the operating variables evolution along the channels. Nevertheless, several efforts have been
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made to experimentally measure temperature, pressure and concentration profile along micro-
channels in order to validate simulations (Cherlo et al., 2009; Knapkiewicz, 2013; McMullen
etal., 2010).
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2. State of art

2.1. Nitrobenzaldehydes

2.1.1. Nitrobenzaldehydes production and uses

In this work, the production and process intensification of the two isomers 2- and 3-
nitrobenzaldehyde will be investigated. The structural formulas of the ortho- and meta-

substituted isomers are presented in Fig. 2.1.

NO,

NO,

2-nitrobenzaldehyde 3-nitrobenzaldehyde
Fig. 2.1. Structural formulas of o- and m- nitrobenzaldehydes.

Nitrobenzaldehydes have several industrial applications (Venkatesan et al., 2010; Yan et al.,
2011).

3-nitrobenzaldehyde is used for the production of pharmaceuticals, plastic additives,
fragrances, flavorings, dyes and sector-specific products for galvanometry and X-ray contrast
media (Kulkarni et al., 2009). The possibility of synthesizing important intermediates for
Nicardipine and Pranidipine production in high purity has been recently highlighted
(Neelakandan et al., 2014). Important products traditionally synthesized starting from m-
nitrobenzaldehyde are 3-hydroxybenzaldehyde, 3-nitrobenzoic acid, and rosoxacin, an
antigonorrheal agent (Bruhne, 2003).

2-nitrobenzaldehyde is involved in pharmaceutical drug and dyes industry, and is also used as

a photo-removable protecting group for several functional groups as well as in the synthesis
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of new innovative non-linear optical materials (Wang et al., 1988; Kulkarni et al., 2009; Sebej
et al., 2009; Abubshait et al., 2011; Chigorina, 2014; Maddirala et al., 2016). Important
industrial  intermediates  prepared starting from  o-nitrobenzaldehyde are 2-
aminobenzaldehyde, 4-4’-dichloroindingo, and 2H-indazole derivatives (Bruhne, 2003). Both
isomers are also involved in the preparation of benzodiazepines and other cardiovascular
drugs (Kulkarni et al., 2009).

3-nitrobenzaldehyde is traditionally obtained from nitration of benzaldehyde in mixed acid at
5 - 10 °C (Bruhne, 2003). More recently, the process is reported to be carried out between -5
°C and 15 °C with the slow drop-wise addition of the organic substrate, i.e. benzaldehyde, to
the nitrating mixture in a fed-batch reactor; sometimes, the reverse configuration is adopted
with the addition of mixed acid to benzaldehyde (Kulkarni et al., 2009). The reactor
configuration and the adopted low temperature are indicative of the hazard of thermal
runaway. Under these inevitable conditions, the complete conversion takes up to 6 hours. The
ortho-substituted isomer is the unfavoured reaction product (Davey et al., 1950; Kulkarni,
2014) with yields up to 20% (Bruhne, 2013). For these reasons, together with the traditional
nitration/oxidation of cinnamic acid, several alternative processes have been proposed among
which the oxidation of 2-nitrostyrene (Gosteli, 1977; Hagedorn et al., 1978), 2-nitrobenzyl
bromide (Ertel, 1978; Bernhardt et al., 1979), and the hydrolysis/oxidation of 2-nitrobenzyl
bromide by nitric acid (Sauer et al., 1976). Oxidation of 2-nitrotoluene and the synthesis from
alfa-halo-nitrotoluene have also been proposed and patented (Sainz-Diaz, 2002; Ertel, 1991).
However, for some of the abovementioned processes safety issues related to the instability of
the involved intermediates and explosions have been documented (Cardillo et al., 1982).

2.1.2. Dependence of isomers yield on mixed acid composition

For all the above reasons, an attempt of understanding the relationship between the ortho- and
meta- isomers obtainable yields and the operative conditions for the nitration of benzaldehyde
by mixed acid was found in the literature (Sainz-Diaz et al., 1999; Di Somma et al., 2014b).
The previous investigations highlighted that no relevant formation of the para-substituted
isomer was detected and it was present at trace level under all the adopted conditions. Di
Somma et al. (2014b) carried out 12 experimental runs in homogeneous phase in the
neighborhood of the standard mixed acid composition with nitric acid and sulfuric acid
weight percentage varying in the ranges 14-29 % and 57-63 %, respectively. The results of the

kinetic runs show a normalized initial slope of benzaldehyde concentration profile ranging
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from 4.05-10 to 2.12-10" L-mol™-min™, more than 5-thousand-fold increment in the initial
concentration, demonstrating that the kinetics are dramatically dependent on the nitrating
mixture composition. Moreover, 2-nitrobenzaldehyde yield was qualitatively related to the
acidity of the mixture through the definition of a proper function, namely Hj acidity function.
A better description of this function will be reported in Section 2.3. In the neighbourhood of
the standard mixed acid composition, it can be calculated from nitric and sulfuric acid
concentration as (Di Somma et al., 2012)

49.0) eq. 2.1
T

where [H,S0,], and [HNO,],, are the initial concentrations of sulfuric and nitric acid in
mol-L™, and T is the absolute temperature in K. The measured 2-nitrobenzaldehyde yield
increased from 18 to 27 %, decreasing the value of the Hy from -3.4 to -5.4. The preliminary
results are in accordance with the previous observation by Sainz-Diaz (2002) who noticed an
increase in the selectivity to 2-nitrobenzaldehyde when increasing the concentration of nitric
acid in the mixture. A first attempt to predict the reactivity in dependence of the mixed acid
composition was carried out on the basis of classic nitration mechanisms (Di Somma et al.,
2014; Di Somma et al 2012) but the results were not consistent with it.

The results were qualitatively explained by Sainz-Diaz (2002) with a different mechanism of
formation of 2-nitrobenzaldehyde starting from the coordination of nitronium ion on the

aldehydic group of benzaldehyde (Fig 2.2).

//’
NO: :

Be'\.()

Fig. 2.2. Coordination of nitronium ion on the aldehydic group of benzaldehyde.
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The coordinated species BeNO5, once formed, can be attacked by a second nitronium ion and
internally rearrange to form the coordinated form of 2-nitrobenzaldehyde (Fig. 2.3). The
coordinated form of 2-nitrobenzaldehyde, once the acidic media is diluted, gives rise to the
uncoordinated form of 2-nitrobenzaldehyde. This mechanism strongly depends on nitronium
ion concentration. This is in agreement with the observed higher yield of the ortho-substituted
isomer at lower Hy values, since the concentration of nitronium ion is higher for both higher

nitric and sulfuric acid in mixed acid in accordance to the equilibrium reaction r.1.2.

O

R ———198]
[ 8]
Iy
-
~

BENO-;

Fig. 2.3. Internal rearrangement of the coordinated form of benzaldehyde to give 2-

nitrobenzaldehyde.

The reported studies suggest a complex kinetic scheme, dramatically influenced by the
temperature and the reacting system composition. However, no detailed studies are present
about the kinetic modeling of the system and the dependence of kinetic parameters on the

adopted operating conditions.

2.1.3. Safety considerations on benzaldehyde nitration

The reported considerations about the significant changes in the reactivity, depending on the
acidic media composition and temperature, pose a serious safety problem for benzaldehyde
nitration processes. The possibility of a thermal runaway scenario can be deduced by simple
thermal estimation. According to Di Somma et al. (2014b), a AH = -1185 J.g* can be
estimated for benzaldehyde nitration by group contribution method (Medard, 1989).

Assuming a mean specific heat equal to 2 J-g™-K™ (Grewer et al., 2015) and a ratio between
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the aromatic substrate and the nitrating mixture mass of 0.5, an adiabatic temperature rise of
197 K can be estimated, which corresponds to a maximum adiabatic temperature of about 500
K, under which dinitration reactions surely start (Olah et al., 1989). Moreover, the formation
of more thermally unstable intermediates cannot be ruled out (Di Somma et al., 2014b; Cho et

al., 2005), because of the excess of nitric acid with respect to the organic substrate.

2.2. Traditional and alternative benzaldehyde synthesis

In this work, the possibility of synthesizing nitrobenzaldehydes starting from benzyl alcohol
instead of benzaldehyde was investigated. As shown in the next Chapters, nitrobenzaldehydes
are easily obtainable from benzyl alcohol since this is rapidly oxidized to benzaldehyde and
successively nitrated to nitrobenzaldehydes in the same reaction media. In this Section, an
overview of the traditional processes to obtain benzaldehyde and a comparison with the

oxidation of benzyl alcohol are given.

2.2.1. Traditional processes for benzaldehyde production

Benzaldehyde is the organic substrate used in the previously described nitration process. The
traditional industrial routes to synthesize benzaldehyde are (i) the catalytic oxidation of
toluene and (ii) the hydrolysis of dichloro-methyl-benzene (Bruhne, 2003). Both processes
present different shortcomings (Joshi et al., 2005). A scheme of toluene partial oxidation plant
is presented in Fig. 2.4. The oxidation is realized in gas or liquid phase with molecular
oxygen. In the first case, toluene vapor and air are fed to a fluidized-bed reactor through a
catalyst at a temperature of 250 — 650 °C depending on the specific process. Lower
temperatures are adopted in liquid phase toluene oxidation (80 — 250 °C) whereas higher
pressure is necessary to keep the reacting mixture liquid. The main drawbacks are associated
with the required expensive catalysts, high mean temperature (136 — 160 °C) and pressure (2
— 70 atm). The adopted catalysts are oxides of the V and VI group elements. Lots of oxidation
by-products, such as benzoic and acetic acids, maleic, citraconic, and phtalic anhydrides,
anthraquinone, cresol, together with carbon monoxide and dioxide are also produced
(Kroschwitz et al., 1992; Susana et al., 2001; Joshi et al., 2005; Bruhne, 2003), so that a
stringent control of the operating conditions is necessary to keep a low conversion rate and a

short residence time with a consequent recycle of unconverted toluene.
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Fig. 2.4. A general scheme of toluene oxidation by oxygen (adapted from Di Somma et
al., 2017).

Hydrolysis of dichloro-methyl-benzene is among the oldest processes to obtain benzaldehyde.
It can be carried out in alkaline or acidic media. A scheme of benzaldehyde production
through this process is shown in Fig. 2.5. In this case, the main problem is associated with the
impossibility to obtain chlorine free benzaldehyde. Even though chlorine content can be
reduced, the presence of impurities can be of crucial importance in the safety assessment of

the following nitration processes.
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Fig. 2.5. Scheme of dichloro-methyl-benzene hydrolysis (adapted from Di Somma et al.,
2017 and Bruhne, 2013).

Extraction

2.2.2. Benzaldehyde synthesis by benzyl alcohol oxidation

In the light of the previously reported disadvantages associated with the traditional routes for
benzaldehyde production, the direct synthesis of benzaldehyde from benzyl alcohol has been
considered as an interesting alternative. For this reason, several studies have been carried out
to obtain benzaldehyde from benzyl alcohol through inorganic catalysts (Li et al., 1989;
Huang et al., 1982; Santaniello et al., 1983; Lee et al., 1976; Morimoto et al., 1988; Dakka et
al., 1988; Sato et al., 1997; Liu et al., 1993; Semmelhack et al., 1984; Chouhary et al., 2003).
However, the above proposed methods suffer from two main drawbacks: conversion degrees
lower than the traditional processes and high costs of the investigated inorganic catalysts
(Joshi et al., 2005).

Direct oxidation without solid heterogeneous catalysts is thus a very attractive scenario. The
literature of the last 50 years proposed aqueous nitric acid or aqueous mixed acid as a very
efficient oxidizing agent for benzyl alcohol with unitary conversion and selectivity and no
detection of nitro-substituted alcohol derivatives (Ogata et al., 1966; Ross et al., 1986;
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Strazzolini et al., 2003). Even though several studies were published, the knowledge of the
reactive system is still fragmentary. Most Authors observed an induction period, after which
the benzyl alcohol oxidation takes place (Ogata et al., 1966; Ross et al., 1986; Strazzolini et
al., 2003; Joshi et al., 2005). Some of them attribute the presence of the induction period to
the formation of a catalytic amount of nitrous acid, since the reaction starts without any delay
after the addition of low quantities of nitrous acid or sodium nitrite to the nitrating mixture

according to the proposed general mechanism

H* + NaNO, - HNO, + Na* r.2.1
®CH,0H + HNO, 2 ®CH,0NO + H,0 r2.2
®CH,ONO — ®CHO + HNO r2.3
HNO + HNO; » 2HNO, r.2.4

2HNO — N,0 + H,0 r.25

However, it must be highlighted that in some cases no induction periods were observed
(Gasparrini et al., 1988). In addition, most previously published works suffer from different
limitations such as the limited investigated range of nitric acid concentration and the use of
organic solvents (Aellig et al., 2011; Ogata et al., 1966; Gasparrini et al., 1988; Strazzolini et
al., 2003; Ross et al., 1986). Moreover, no unitary vision about the reaction mechanism exists,
since both ionic and radical mechanisms have been proposed.

The most detailed radical mechanism was proposed by Ogata et al. (1966) to explain their
experimental observation on benzyl alcohol oxidation in diluted nitric acid and it is based on
the evidence of the presence of NO, radicals in mixed acids (Squadrito et al., 1998). Their
observations can be summarized as follows: (i) an induction period was observed and its
duration is reduced by a catalytic amount of nitrous acid; (ii) the reaction follows a first-order
kinetic with benzyl alcohol and nitric acid concentration; and (iii) the oxidation is faster when

the acidity of the solution was increased with perchloric acid. The proposed mechanism was

HNO; + HNO, 2 2NO3 + H,0 r2.6
®CH,0H + NO3 2 ®CH*OH + HNO, r2.7
®CH*OH + NO3 2 ®CH(OH)ONO r2.8
SCH(OH)ONO + Hy0 > dCH(OH), +HNO, 29
®CH(OH), 2 GCHO + Hy0 r.2.10
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In the same work, the decomposition of benzyl nitrate is ruled out since it is not in accordance
with the experimental results. This point was successively proved, since benzyl nitrate, added
to mixed acid, was not quantitatively converted to benzaldehyde (Aellig et al., 2011; Aellig et
al., 2012).

On the other hand, an ionic detailed mechanism was proposed by Ross et al., (1986) based on
the formation of benzyl nitrite through reaction r. 2.11, and its decomposition to benzaldehyde

in its unprotonated (r. 2.3) and protonated (r. 2.12) form.

®CH,0H + HNO, 2 ®CH,0ONO + H,0 r.2.11
®CH,0NO - ®CHO + HNO r.2.3
®CH,0HNO* -» ®CHOH" + HNO r.2.12

The most recent investigation (Aellig et al., 2011) evaluated the role of oxygen in nitric acid
decomposition to nitrous acid and the oxidation of nitroxyl, namely HNO, to nitrous acid.
Despite this investigation is based on the results collected by means of an oxygen bubbling
reactor, the proposed scheme, Fig. 2.6, summarizes the role of nitric acid reduction in the

oxidation mechanism

®CH,0H ®CHO

(

®CH,ONO

)

HNO; ——>HNO, HNO —— N, 0

(

Fig. 2.6. Scheme of the oxidation mechanism proposed by Aellig et al., 2011.

Despite fragmentary information, all the reported investigations are united in identify benzyl
nitrite as a key-intermediate. It is considered to be in equilibrium with benzyl alcohol (r. 2.2)
and it decomposes irreversibly to benzaldehyde (r. 2.3) (Aellig et al., 2011; Ogata et al., 1966;
Gasparrini et al., 1988; Strazzolini et al., 2003; Ross et al., 1986; Aellig et al., 2012;
Nishiguchi et al., 1990).

A brief summary of the main conclusions reported in the literature is shown in Table 2.1.
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Nitric

Ref Oxidizing Mechanism Solvent Indut.:tlon Nlt.".te acid
agent Period addition 1
(mol-L7)
Aqueou .
Ogata et Dilute Radical S f ﬁrzrn(i\':\:lif:h Sodium nitrite 0.0496 —
al., 1966 nitric acid Dioxane P o 0.134
acid at 90°C)
40%
Nitrous
and_nl'_[rlc up to 4.7 hr
acid in
Ross etal., agueous lonic Absent (reduced by sodium nitrite up to
1986 queol the adding of 6.67-10°
sulfuric nitrous acid)
acid (50-
75%)
Gasparrini Dilute .-
etal. 1988 nitric acid Not proposed  Absent  Not observed No addition 3.4
Variable
Strazzolinj Coneentra . induction y
ted nitric Radical DCM . No addition 7.5
et al., 2003 . times
acid
observed.
2%
conversion
after 4hr in
Joshi et al., Dilute . absence of . . 1.59 -
2005 nitric acid Radical Absent sodium Sodium nitrite 477
nitrite
([HNO3]=1.6
M, 70°C)
Aellig et 0, + 14-
al., 2011, 2 lonic ! Observed Sodium nitrite 1.25-10*
2012 HNO; dioxane

Table. 2.1. Summary of the literature survey on benzyl alcohol oxidation by nitric acid.

2.3. Kinetic modeling in mixed acids

The development of a detailed kinetic model, capable of predicting the behavior of an
oxidation/nitration reactive system in mixed acid, is not a trivial issue. Concentrated aqueous
mixed acid is a strongly non-ideal solution. Several equilibrium reactions are involved in
mixed acid to generate a variety of ionic species. Moreover, the presence of organics makes
the system even more complex because of the coordination of organics with ionic species and
protonation reactions. Proof of this is the fact that different simplified approaches have been
proposed in the literature and a great variety of semi-empirical relations have been used to
model deviations from ideality. In this Section an overview of the main problems connected

with the kinetic modeling in mixed acid is given together with the main proposed theories
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2.3.1. Nitronium ion concentration modeling and the Hy function

As presented in Chapter 1, nitronium ion is the real nitrating agent in nitration of aromatics in
mixed acid. Therefore, the prediction of NOJ concentration is of crucial importance in the
development of adequate kinetic models. As previously stated, the formation of nitronium ion
in mixed acid can be associated to the general equilibrium

HNO; + H,S0, 2 NOF + HSO; + H,0 r.2.13

whereas other Authors (Zaldivar et al., 1995; Di Somma et al., 2012), in the presence of

significant amount of water, proposed the following modified equilibrium

HNO; - H,0 + H,S0, 2 NO} + HSO; + 2H,0 r.2.14

In this case the equilibrium relation can be written as follows

AH AS H,0 Ayso-a eg. 2.2
)exp (_): INOF Ty ot [H,01Yn,0 @nso; @m0 q
R 2 [HNOslyuno, @m,so,

The acidity function, i.e. Hg, in mixed acid has been defined as (Zaldivar et al., 1995; Di
Somma et al., 2012)

ay,so, eqg. 2.3

—Hy = log
Anso; An,0

It is reported that Hy values can be related to the initial nitric and sulfuric acid concentrations
and absolute temperature T through the semi-empirical relation (Zaldivar et al., 1992; Di
Somma et al., 2012)

—Hg = (a[HNOs] + b[H,S0,]) (c + ;) eq. 2.4
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Most authors tends to assume that [NO; ] = ay,+ in equation 2.2. This is in agreement with

the fact that nitronium ion in the mixtures adopted in the above mentioned investigations is
present at trace levels. However, it could be more opportune to assume that, for small
deviation from the standard mixed acid composition (or a different arbitrary composition),

Ynoj Variations can be neglected and incorporated in the constant entropic contribute of eq.

2.2. This reason, together with the adoption of r. 2.13 instead of r. 2.14 can probably explain
the conflicting values of a, b, c, and d in eq. 2.4 reported by different authors. With the

assumptions described above, the nitronium ion concentration can be calculated by

AH

[NO;] = exp <_) exp ( eq. 2.5

107HR

AS*) Yuno, [HN O3]
RT

R J Yu,0 [H,0]

Despite equation 2.5 has been widely adopted it is not capable of describing nitronium ion
concentration for all the possible ternary mixture of sulfuric acid, nitric acid, and water. Even
so, the normally used nitrating mixtures have concentration of nitric acid, sulfuric acid and
water varying in relatively small ranges. Eq. 2.5 has been prevalently used to predict very low
NO3 concentrations, for which no experimental measurements are available since [NO3 ] is
lower than the limit of detection and quantification by Raman analysis. In fact, in spite of its
low concentration, nitrations occur also in mixtures with no evidence of nitronium ion by
Raman analysis, suggesting that the reactions can start even for [NO; ] lower than 40 mmol-L
! The most extended available Raman experimental data on nitronium ion concentrations can
be found in Albright et al. (1996) and Edwards et al. (1994). However, all the reported
experimental concentrations are higher than 40 mmol-L™ and were measured for highly acidic
media, for which reaction kinetics are too fast to safely carry out nitrations. On the basis of
the available experimental data on nitronium ion concentrations, an attempt to model the
equilibrium concentrations of the ionic species was made (Albright et al., 1996). This

proposed model was based on the following equilibria together with reactionr. 2.13

H,S0, 2 H* + HSO, r.2.15
HNO; 2 H* + NO3 r.2.16
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Unfortunately, the model is based on the unrealistic hypothesis of ideal mixture without
taking into account the contribution of the activity coefficients of the single species. Under
this assumption, the values of the three equilibrium constant for reactions 2.13, 2.15, and 2.16
were evaluated minimizing the mean square deviation between the experimental and
calculated NO5 concentrations. Although the experimental nitronium concentrations were
predicted with some accuracy, the model fails for nitric acid molar percentage lower than
0.5%, is inaccurate for low nitric acid molar percentage (<5%), (Albright et al., 1996) and is
completely inadequate to describe the above-mentioned low concentration range of nitronium
ion for water concentration higher than 50% mol/mol, i.e., for example, standard mixed acid
composition. In fact, in all these cases, the predicted value is significantly higher than the
limit of quantification by Raman whereas there is no experimental evidence of Raman peaks
associated with NOF (Edwards et al., 1995). Moreover, optimization was carried out on a
single species (NO3) whereas other six species (H,0, HNO;, H,SO,, H;0", NO3, and

HS0;) were only numerically predicted without any further experimental verification.

2.3.2. The Hy, Hammett function

The Hammett acidity function H, was first proposed in 1932 (Hammett et al., 1932), only a
few years after the publication of the Bronsted acidity theory, to describe the protonation of
weak organic bases in strong acids and to explain some previous observations on the different
protonating strength in strongly acidic media (Pagni, 2009). Considering a concentrated
solution of a strong acid HA in a solvent, the protonation equilibrium of an added weak base

B can be expressed as

B+H* 2 BH* r.2.17

1
K [B] ypay+

where K is the ionization constant of BH™, y; the activity coefficients and a,+ the activity of

H*. The Hammett acidity function is then defined as (Hammett et al., 1932)

[BH*] eq. 2.7
[B]

H, = —log (aH+ Ye ) = pK — log

YBu+
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It is worth noting that the H,, definition can be considered as an extension of the pH scale in

concentrated aqueous acid solutions. In fact, for a highly diluted solution

eqg. 2.8

Hy = —log (aH+ v ) ~ —log|H*] = pH

YBH+

The general procedure to quantify H, consists in adding a weak base with a known pK value
into a solution with a known strong acid concentration. The relative concentrations of BH™*
and B are then measured, usually by UV-Vis spectrophotometry, and H, is calculated by eq.
2.7. When the ratio between [BH*] and [B] is too high, a weaker base is chosen. Adopting
this procedure, the H, of neat sulfuric acid in water was calculated to be -12 (Pagni, 2009).
This value was chosen as a dividing line between strongly acidic (H, > -12) and superacidic
media (H,< -12). It must be stressed that, as a generalization of the pH scale, such a value in
pure sulfuric acid would correspond to an inconsistent value of H* concentration. In this
regard, H, must be considered as a quantification of the protonating strength; some authors
suggested that such a high protonating strength is in accordance with the presence of H;S0;
in neat sulfuric acid, which is a much stronger acid than H,S0,.

The Hammett acidity function was successfully used to explain the changes in the reaction
rate of organics in concentrated acid (Hammett et al., 1934; Taft, 1952; Thomazeau et al.,
2003; Gu et al., 2005).

In spite of its undisputed importance, the Hammett acidity function suffer from some
limitations. In fact, as a measure of the strength of an acid, it is required that its definition is
independent on the particular and arbitrary weak base chosen as a reference. To overcome this
problem, it is generally assumed that the ratio between yzand ygzy+ is close to 1, since the
concentration of weak base is deliberately kept at low levels (Pagni, 2009). Under this
assumption, the Hammett acidity function would be an indirect measure of the activity of H™.
Even though this could be verified for some organic weak bases in certain ranges, it must be
considered that, under all the possible conditions, the infinite dilution behaviour cannot be
deemed equivalent to the ideal behaviour. Commonly used indicators are nitroanilines.
Moreover, in this case, the different indicators adopted for different acidity ranges could
influence the H, determination. For these reasons, bases of the same structural type are
usually used, for which a similar value of the activity coefficients can be expected.

Finally, even though the Hammett acidity function has been successfully adopted to describe

some nitration kinetics in mixed acid, e.g. pyridine N-oxide nitration (Johnson et al., 1967),
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there are no detailed studies on the changes in the H, values when considering a mixture of
strong acids such as nitric and sulfuric acid. However, for diluted nitric acid in concentrated
sulfuric acid, the experience has shown that no substantial changes must be considered since
the former is much less strong that the latter. Despite Hammett’s insightful intuition, his
acidity function was demonstrated to be inadequate in describing the protonation of some
classes of weak bases, e.g. tertiary aromatic amines, pyrroles, indoles, ketones, aldehydes,
carboxylic acids, etc. so that new special acidity functions have been defined for some of
these other compounds (Arnett et al., 1970)

2.3.3. The M activity function

The M, activity function was first proposed by Marziano et al. (1973). The new function was
proposed to overcome the problems associated to the definition of the Hammet acidity
function and its dependence, in some cases, on the particular weak base adopted as an
indicator. According to Marziano et al. (1973), considering a concentrated solution of an acid
HA in a solvent in the presence of an arbitrary number z of weak bases B;, the following

equilibrium reactions occurs

HA2 A +H* r.2.18
B, + H* 2 B,H* r.2.19
Bi+H+ <_—>BiH+ r.2.20
B, +H* 2 B,H* r.2.21

The experimental campaign, based on UV-Vis spectrophotometric measurements similar to
those previously described for the H,, acidity function, demonstrated that a linear relationship
can be found between the logarithms of the ratios between the activity coefficients involved in

equilibrium relations for r. 2.18 —r. 2.21 as follows

Yu+Ya- Yu+Y i Yu+Y ¢q. 2.8
log(H A>=h1l09<H Bl>= h; log<H Bi)

)4: 7 VB H* i1 VB;H+*
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Where h; is the proportionality constant between the i-th constant and the previous one. The

M, activity function of the acid was thus described as (Sampoli et al., 1985a)

VH+VA—) eqg. 2.9

M =—lo(
¢ g YHa

As a consequence, a linear relation can be defined between the M, function of the acid and of

the i-th weak base B;
M?i = n; M, eqg. 2.10

Once the set of equilibrium relations is chosen, i.e. r. 2.18 — r. 2.21, the thermodynamic

equilibrium constants can be expressed by

[A7][H*] ., eq. 2.11

—— ' 210-Mc
Kya [AH] 10

_ [BHT] Me eq. 2.12
Ko, = 1m0

_[BHTT eq. 2.13
Ko =m0

_ [B,HT] Me eq. 2.14
Ks, = By

The values of M, have been published as a polynomial function of the initial sulfuric acid
concentration (Zaldivar et al., 1995), although different Authors often use different
polynomial expressions depending of the sulfuric acid concentration range of interest. Since
its first publication, the M acidity function theory was adopted and verified for a wide range
of weak bases and different acids including sulfuric, nitric, methanesulfonic (Marziano et al.,
1986), perchloric, and trifluoromathanesulfonic (Marziano et al., 1991a) acids.

The M, function was successfully used to describe nitration kinetics of different organics in

mixed acid. An important extension was demonstrated in 1985 (Sampoli et al., 1985b)
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adopting the M. function to model the nitric acid dissociation in sulfuric acid ranging from 1
to 98 wt %. To this merit, the relation

*YNo3 eq. 2.15
MV = _jog <VI; VN03> = M50 q
HNO3

was verified in the whole sulfuric acid range. Despite the fact that the relation was verified
only using nitric acid concentration ranging from 10 to 10 mol-L™ (Deno et al., 1961), eq.
2.15 was successfully used to model benzene, toluene and chlorobenzene nitrations which
occur for higher nitric acid concentrations (Zaldivar et al., 1995), and, more recently, to
investigate the nitration of 2-ethylhexanol in microreactors (Li et al., 2017). Less complex
kinetic models, based on the M, function, were also used to model benzene, fluorobenzene,
chlorobenzene, bromobenzene, iodobenzene, (Traverso et al., 1977; Marziano et al., 1980;
Marziano et al., 1999) and sulphonic acids nitration (Marziano et al., 1991b).

An important extension of the M, function was also proposed to model the nitronium ion

formation in mixed acid (Sampoli et al., 1985b). According to this theory for the equilibrium
HNO; + H* 2 NOF + H,0 r.2.22

an analogous M. function can be defined for this equilibrium as follows

MN02+ — _log <VH+VHN03> eg. 2.16

c
Ynof

Therefore, the equilibrium relation for r. 2.22 is

[NO;]aHZO 1OnN0;MC eq 2.17

Knos = THNOSI[H]

where M, is the activity coefficient function of sulfuric acid. The linear relation between
log([NOFlay,,/[HNO3][H*]) and M. was demonstrated for sulfuric acid wt. % higher than
80 % for nitric acid at trace levels. From the slope and the intercept of the linear equation, it is

possible to extrapolate Ko+ and nyo+ values. Later on, the obtained results have been
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sporadically used to describe nitration kinetics (Zaldivar et al., 1995; Li et al., 2017), although
some discrepancies can be found in the adopted values of the constants and in the definition

+
of the MéVOZ , that, in some cases, includes the activity coefficient of water in eq. 2.16.

2.4. Nitrations in microreactors

In the previous Chapter the main features of microreactors were presented. They can be

summarized as follows

- great flexibility and manufacturing variety

- enhanced heat and mass transfer

- punctual control of temperature

- inherent safety in hazardous reaction control under harsh conditions

- relatively low productivity

For all the above-mentioned reasons, microreactor technology naturally suits the nitration
processes management requirements, especially for highly priced and low-throughput
materials production or niche technology applications. Therefore, several examples of

application of the microreactor technology to the synthesis of nitrated products can be found.

2.4.1. Synthesis intensification in microreactors

In a recent review article (Kulkarni, 2014), the main issues related to the management of
nitration processes in miniaturized devices are analyzed and the main investigated reactions
are presented. As reported, despite the fact that microreactor technology was first adopted in
academia and research institutions, its importance was soon acknowledged by the industry
both as a useful tool for pilot plant investigations and as a productive unit for specific
applications.

It has been estimated that, for typical residence times from 5 s to 15 min, a satisfying
temperature control is possible for microreactors with diameters ranging from 1.6 to 13 mm,;
in fact, most nitrations reported in the literature are carried out in such dimensioned reactor
configurations. Under those conditions, the typical advantages connected with a micro-scale

reactor are also combined with higher productivities. A typical lab-scale experimental setup
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consists of preheating channels connected to separated pumps, to feed the organic substrates
and the nitrating mixtures to a mixing device. The mixing device is thus connected to the
single or multiple channel reactor immersed in a thermostatic bath. At the output of the
channels reactive samples are collected, quenched and analyzed. Innovative microreactors
have embedded mixers and heat exchangers, to reduce the number of devices and the
experimental complexity and to achieve a higher compactness.

The reported investigations highlighted the possibility to intensify processes in order to get
higher conversions, selectivities and/or yields with shorter reaction times.

As an example, toluene nitration resulted in a higher ortho and meta isomers yields when
adopting a mixture of acetic anhydride and nitric acid instead of mixed acid in microreactors;
the adoption of micro-devices made it possible to safely carry out toluene nitrations in
inherently unsafe acetic anhydride mixtures. As a model reaction, toluene nitration has been
widely investigated in microreactors (Burns et al., 2002; Antes et al., 2003; Halder et al.,
2007). In spite of the importance of those investigations in the understanding of the process,
microreactors are not suitable in the industry for bulk productions reaction such as toluene
nitration. Another impressive example of intensification of a bulk production reaction in
microreactors is the naphthalene nitration; in batch mode, the process requires a cooling
system operating between -50 and -20 °C; in a microreactor the same reaction was carried out
in 3 s at 30 °C (Kulkarni, 2014). For the highly priced materials production, some reported
process intensifications are the nitration of pyridine-N-oxide and nitropyridine for which yield
increases from 72 to 78 % and from 52 to 97 % were obtained, respectively (Panke et al.,
2003). In most cases, the increased yields and selectivities can be attributed to the stringent
temperature control that allows to avoid the trigger of secondary undesired reactions such as
in the case of nitration of salicylic acid (Kulkarni et al., 2008) and 3-methyl-4-nitropyrazole
(Ducry et al., 2005); higher 5-nitrosalicylic acid yields were obtained in microreactors
compared to batch reactors while the complete absence of di-nitrated products was reported
for the nitration of the latter in miniaturized devices.

The effective temperature control is deeply related to the flow conditions, the exchange area
and the residence time. A higher flow rate is associated with enhanced thermal exchange;
however, when carrying out immiscible liquids phase reactions, the enhanced mass transfer
between the organic and the aqueous acidic phase can increase the rate of conversion and,
consequently, the heat generation, causing a rise in the local temperature and the trigger of
secondary reaction. Control of residence time and flow rate is thus a key issue in reaction

intensification.
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Finally, it is worth highlighting that for liquid-liquid immiscible phase reactions, almost 80%
of the reported reactions, the mass transfer can significantly affect the reaction rate so that
most Authors cannot obtain kinetic parameters from microfluidic investigations and only
overall data and apparent Kinetic constants are often reported. To this merit, the adoption of
highly diluted conditions, under which a homogeneous liquid phase is possible, or the
combination with batch reactions can be a useful procedure for the parametric and process
optimization (Kulkarni, 2014).

2.4.2. Benzaldehyde nitration in microreactors

As previously mentioned, different safety issues as well as selectivity problems must be
addressed in benzaldehyde nitration. As a result, this reaction can be considered of interest in
microfluidic applications especially if one considers its applications to high-added value
products processing.

In fact, a preliminary investigation on benzaldehyde nitration in mixed acid in a micro-
channel reactor showed interesting qualitative results (Kulkarni et al., 2009). The experiments
were carried out both in batch and continuous mode at temperature, HNO5 to benzaldehyde
molar ratio and HNO5 to H,S0, molar ratio varying in the ranges 5 — 25 °C, 1.18 — 3.5, and
0.3 — 0.6, respectively. Under these conditions, the reactive system is always in an immiscible
liquid-liquid heterogeneous phase. For this reason, the mixing between the organic phase and
the reactive aqueous acidic phase is of crucial importance to efficiently carry out the reaction.
The continuous flow experiments were thus carried out in a 6 m long Hastelloy tube with an
internal diameter of 1.38 mm connected to a spilt and recombine caterpillar micromixer.
Preliminary experimental runs demonstrated that a simple T-junction mixer was inadequate.
The results were compared with those obtained in a glass jacketed glass reactor of 50 mL. The
results showed that at a fixed HNO; to H,S0, concentration ratio the ortho- to meta- isomer
ratio decreased with increasing residence time and HN 05 to benzaldehyde concentration ratio.
As a general result, an increase in nitric acid concentration and temperature generally resulted
in a decrease of the molar ratio between 3-nitrobenzaldehyde and 2-nitrobenzaldehyde. As
expected, at higher temperature, the residence time to achieve a complete conversion is lower
changing from 15 min to 30 s at an inlet fixed composition of nitric acid to sulfuric acid and a
nitric acid to benzaldehyde mole ratio of 0.6:1 and 3.5:1, respectively. In the investigated

ranges, no solid products formation was observed.
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Similar experiments, carried out in a mixture of sulfuric acid, nitric acid and acetic anhydride
led to a homogeneous liquid phase but resulted in an over-oxidation of the organic substrate

with the formation of solid benzoic acid and the consequent clogging of the reactor.
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3. Aims of the thesis

The main purpose of this thesis is to investigate the possibility to safely produce the two
isomers ortho- and meta-nitrobenzaldehyde using benzaldehyde and/or benzyl alcohol as a
row material and aqueous mixtures of nitric and sulfuric acid, namely mixed acid, as an

oxidizing/nitrating agent according to the general scheme presented in Fig. 3.1.

CH,0H

CHO CHO CHO
MNO:
Mixed acid Mixed acid
—_— — -
MNO;

Fig. 3.1. General scheme of the oxidation of benzyl alcohol and the consecutive

benzaldehyde nitration in mixed acid.

In this regard, the first goal was the kinetic characterization of the reacting system in order to
describe and predict the behavior of the systems also under operative conditions different
from the normally adopted ones in the industry, in order to maximize the two isomers yields.
For a deeper understanding of the kinetic process, the ionic speciation in mixed acid was
better investigated and characterized.

Moreover, the work aims to an evaluation of traditional batch reactors and innovative
microfluidic devices performances in the process management to highlight strengths and

weaknesses of each of the reactor configurations.
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4. Materials and Methods

4.1. Chemicals

All the chemicals adopted in the experimental campaign were purchased from Sigma-Aldrich
and used as received.

The used analytical grade reagents were: benzyl alcohol > 99.0 %; benzaldehyde > 99.0 %; 2-
nitrobenzaldehyde 98 %; 3-nitrobenzaldehyde 99 %; 4-nitrobenzaldehyde > 99.0 %; benzoic
acid > 99.5 %; 2-nitrobenzoic acid 95 %; 3-nitrobenzoic acid 99.0 %; 4-nitrobenzoic acid >
98.0 %; sodium nitrite > 99.0 %.

Red fuming nitric acid > 99.5 %, sulfuric acid 99.9999 %, and bidistilled water were used to
prepare oxidizing and nitrating acid mixtures.

Bidistilled water and technical ethylene glycol with corrosion inhibitor were used as
cooling/heating fluids depending on the adopted experimental device.

HPLC analysis was carried out using acetonitrile > 99.9 %, methanol > 99.9 %, phosphoric
acid 85 wt. % in water.

1,1-diphenyl-2-picrylhydrazyl > 99.0 % was used as a radical trapper and 5,5-dimethyl-1-
pyrroline N-oxide > 97 %, namely DMPO, was used for EPR analyses.

Urea 99 % was used as a chemical quencher.

4.2. Batch experiments under homogeneous conditions: reactor and procedures

Batch experimental runs were carried out in a jacketed magnetically stirred glass reactor (30
mL), refrigerated using a Julabo F32 circulator. Water was used as cooling fluid. The reactor
was equipped with a thermocouple and a sampling device. A scheme of the used batch reactor
is provided in Fig. 4.1. The reactor and the glassware were repeatedly washed with chromic
acid mixture and bidistilled water to prevent any contamination. Proper amount of nitric acid,
sulfuric acid and bidistilled water were separately weighed and added drop-wise under
continuous cooling and stirring. The mixture was always prepared adding the reagents in the
following order: water, sulfuric acid, and nitric acid. Once the mixture was prepared, it was

heated to the desired temperature. Each experimental run was started adding a proper amount

40



of the liquid organic substrate at once. In the case of solid substrates, experiments were started
when those were completely dissolved. Liquid samples volumes (100 pL) were collected at
different reaction times and rapidly quenched by diluting (1:100) with a solution of urea in
acetonitrile (6.66-10 mol-L™) before HPLC analysis. Urea is reported to rapidly react with

nitric acid and was added as a chemical quenching agent.
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Fig. 4.1. Scheme of the batch reactor. 1. Magnetic stirrer; 2. Reacting Mixture; 3.
Jacket; 4. Cooling fluid inlet; 5. Cooling fluid outlet; 6. Sampling; 7. Thermocouple; 8.

Temperature acquisition and control.

Homogeneous oxidation experiments of benzyl alcohol were carried out at varying
temperature, nitric acid concentration and sulfuric acid concentration in the ranges 10 — 30 °C,
2.0 -8.5mol-L*, and 0 — 1.81 mol-L™, respectively.

Homogeneous nitration experiments of benzaldehyde were carried out at varying temperature,
nitric acid concentration and sulfuric acid concentration in the ranges 10 — 50 °C, 2.41 — 6.72
mol-L™, and 8.9 — 10.0 mol-L?, respectively.

4.3. Batch experiments under heterogeneous conditions: reactor and procedures

At organics concentrations higher than their solubility in the acidic mixture a heterogeneous
liquid-liquid reacting system was observed. To safely carry out reactions in isothermal mode,

small amounts of organic substrate and nitrating mixture (total volume 1 mL) were stirred in a
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test tube (10 mL) at a fixed impeller speed varying between 800 and 1200 rpm. The test tube
was being immersed in a magnetically stirred thermostatic bath during the experiments. The
reaction was quenched by dilution adding 9 mL of cold acetonitrile in the test tube since it is
impossible to separately sample from the aqueous and the organic phase. The resulting
homogeneous solution was further diluted (1:100) before HPLC analyses. The procedure was
repeated for each experimental reaction time.

4.4. Continuous experiments: microreactor and procedures

Microreactor experiments were carried out adopting two different microreactor
configurations: a bath-immersed tubular reactor and an integrated microreactor with
embedded static mixer and heat exchanger.

In the first case, the experimental setup consisted of two syringe pumps (Harvard Apparatus)
connected to a cross mixer with pre-heating channels of 1 mm internal diameter. The cross
mixer was connected to the microreactor channel (2 mm internal diameter). The preheating
channels, cross mixer, and tubular reactor were immersed in a thermostatic water bath. A
scheme of the reactor is provided in Fig. 4.2. Tubular microreactor of different lengths were
used depending on the experimental conditions. In this reactor configuration, the nitrating
mixture was prepared as described in the previous Section and successively transferred to the
syringes. The liquid organic substrate was fed separately. Reaction time was changed varying
the reactor length and the flow rates. Samples were collected at the outlet of the reactor and
rapidly quenched and analyzed.

M| 1
| 2
M| 1

¥ ]

Fig. 4.2. Scheme of the immersed microreactor. 1. Nitrating mixture; 2. Organic

substrate; 3. Cross mixer; 4. Tubular microreactor; 5. Sampling point.

The second adopted microreactor configuration is a commercially available integrated

borosilicate microreactor with static embedded mixer and heat exchanger (Little Things
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Factory XXL-ST-04). A scheme of the reactor is provided in Fig. 4.3. It consists of a
borosilicate plate with separate circuits for the reagents and the cooling fluid. Two pre-
heating/cooling channels (1 mL) are provided to separately feed the organics and the nitrating
mixture. Pre-heated reagents are ducted into the main channel which is internally shaped to
continuously mix the organics and mixed acid along the whole length. Three sampling ports
are present along the reactor length to collect samples at different reaction times. Details
about the volumes of the reactor sections are shown in Fig. 4.3. Mixed acid was fed by means
of a peristaltic pump (V-3 pump, Vapor tec Ltd.), whereas a syringe pump (PhD Ultra
Harvard Apparatus) was used to feed the organics. In this case, ethylene glycol was used as a
cooling fluid to prevent borosilicate cracking due to thermal expansion and/or accidental
water freezing. For each experimental run, the borosilicate plate was heated/cooled at the
desired temperature. Acids were separately mixed, preheated at the desired temperature and
fed to the pump. Residence time was changed varying both the flow rate and the volume in
the ranges 0.45 — 9.99 mL-min™ and 1.5 — 4.5 mL, respectively. The volume was changed
sampling at different reactor lengths (sampling points in Fig. 4.3). The collected samples were
quenched before analyses as previously described.

Continuous flow experiments were carried out at varying temperature, nitric acid
concentration and sulfuric acid concentration up to 68 °C, 8.3 mol-L™, and 10.7 mol-L™,

respectively.

Fig. 4.3. Scheme of the integrated commercial microreactor. 1. Coolant inlet; 2. Coolant

outlet; 3. Mixed acid inlet; 4. Organic inlet; 5. Sampling points.
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4.5. Analytical methods

HPLC analysis was performed using an Agilent 1100 model, equipped with an UV DAD
detector and a Phenomenex Synergi 4 um polar RP/80A column, thermostated at 30 °C. The
mobile phase, flowing at 1.0 mL-min™® was constituted of eluent (A) (buffer solution:
methanol 5 v/v % and phosphoric acid 0.4 v/v % in water) and eluent (B) (acetonitrile). The
gradient was as follows: 15 % B for 8 min, increased to 25% B in 10 min, and successively
decreased to 15 % B in 5 min. Signals were acquired at 210, 230, 250, and 265 nm. All the
substances were calibrated using analytical standards and showed a good linearity in the
considered ranges of concentration with R? values always higher than 0.989.

Electron paramagnetic resonance analysis (EPR) was performed adding a proper amount of an
aqueous DMPO radical trapper solution to each sample before dilution.

Raman spectra were acquired using a Raman microscope (Horiba XploRA) equipped with a
20X objective (Olympus UPlanFL). The laser source was a frequency doubled Nd:YAG laser
( A= 532 nm, 12 mW maximum laser power at the sample). The calibration of the system was
performed against the Stokes Raman signal of pure silicon at 520 cm™*. A 100 um pinhole
was used for confocal photons collection. Spectra were obtained with a laser beam power of
100%, and an accumulation-exposure time of 3 cycles of 10 s each. Liquid acid mixtures were
prepared as described in Section 4.2., cooled down to room temperature and collected in a
quartz closed cuvette for spectrophotometry, that was successively placed under the objective.
The calibration procedure for bisulphate ions concentration was carried out at 426 cm™and
1048 cm™, using sulfuric acid concentrated solutions for which a full conversion to bisulphate
is reported (Robertson et al., 1964). Nitrate ions intensity peaks were calibrated at 1048 cm™
using different sodium nitrate solutions and the results were verified with different nitric acid
samples with known dissociation degree to nitrate (Davis et al., 1964). For ternary mixture of
sulfuric acid and nitric acid in water, bisulphate ion concentration was measured at 426 cm™,
and the results were used to estimate nitrate concentration at 1048 cm™ through a

deconvolution procedure.
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5. Results I: Speciation of ternary
HNO;-H,SO,4-H,0O mixtures

5.1. Introduction

As mentioned in the previous Chapters, ternary mixtures of nitric acid, sulfuric acid and
water, i.e. mixed acid, are the most widely employed nitrating agent in the industry and
research, and the most effective mixtures for benzaldehyde nitration. In this Chapter, the
results of an experimental campaign for a simplified description of nitric acid and sulfuric
acid speciation in ternary aqueous mixtures is presented. The aim of the present investigation
is to verify and justify the assumptions found in the literature and show their limitations in the
modeling of reacting systems.

The modeling of the equilibrium concentration of undissociated acids and ionic species
deriving from their dissociation is of crucial importance in investigating oxidation and
nitration kinetics and several semi-empirical or simplified approaches can be found in the
literature (Albright et al., 1996; Zaldivar et al., 1995; Minogue et al., 2003; Chen et al., 2016a;
Wang et al., 2017). Most investigations agree on the fact that the main ionic species deriving
from the acids dissociation are the nitrate ion NO3, the nitronium ion NO3 and H*, together
with bisulfate HSO, and sulfate SOz~ ions, even though the incidence of the latter is very
little significant with respect to HSO, for relatively diluted aqueous mixtures and negligible
for highly acidic media. The presence of other species deriving from the protonation of strong
acids, i.e. H,NO3 and H;S0O;, are assumed by some Authors (Hoggett et al., 1971; Minkwitz,
2002). Despite this, the former rapidly decomposes to nitronium ion and water, whereas the
latter is assumed to be present only for almost neat sulfuric acid (Hoggett et al., 1971;
Galabov et al., 2016; Minkwitz, 2002).

As a result, for the normally adopted nitrating mixture the following equilibria are considered

to be sufficient in describing the acids speciation

HNO; + H,S0, & NOy + HSO; + H,0 r.5.1
HNO; & H* + NO3 r.5.2
H,S0, & H* + HSO, r.5.3
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Equilibrium 5.1 is by far the most important in the modeling of nitration processes, since the
aromatic electrophilic substitution reaction rate is directly related to the nitronium ion
concentration. The most extended available Raman experimental data on nitronium ion
concentrations are presented by Albright et al. (1996) and Edwards et al. (1994) together with
a simplified approach to their modeling, presented in Chapter 2.

Despite that, it must be noted that most kinetic investigations are carried out in mixtures in
which the concentration of nitronium ion is lower than the limit of quantification (and often
the limit of detection) by Raman analysis (Edwards et al., 1995). In fact, under those less
acidic conditions, nitration rates are slower and easy to follow. Too high nitronium ion
concentrations often give rise to very fast or instantaneous reactions and precise reaction rate
evaluations are not possible. Finally, most Authors often choose to carry out slow nitration for
safety reasons and to keep constant temperature up to the complete conversion within the
limits of the commercially available cooling systems (Chen et al., 2016b; Di Somma et al.,
2014a; Di Somma et al., 2012; Li et al., 2017; Russo et al., 2017a; Di Somma et al., 2017,
Russo et al, 2017b).

Lastly, the commercially available software for the non-ideal systems equilibrium
composition calculation, i.e. ASPEN, are based on very complex models (Pitzer, eNRTL,
etc.), but, to the present, there is a serious lack of data about the parameters of the models for
the nitronium ion concentration evaluation.

Similar difficulties have to be faced in the modeling and prediction of the dissociation of
nitric acid in sulfuric acid and viceversa. The only extensive available data were published for
binary nitric acid / water and sulfuric acid / water systems (Davis et al., 1964; Redlich et al.,
1968; Robertson et al., 1964; Tomikawa et al., 1998; Fraenkel, 2015).

5.2. Nitronium ion concentration prediction

For the prediction of nitronium ion concentrations by r. 5.1, in all the possible aqueous ternary
mixtures of nitric and sulfuric acids, no thorough and complete equilibrium models exist. It
must be remarked that, from the available nitronium ion concentration measurements and
from the literature indications, it is clear that NOF is present at trace level and is not
detectable in mixtures with a water molar fraction higher than 0.5 and its concentration

rapidly increases of several orders of magnitude in more acidic media (Edwards et al., 1995).
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Nitric acid is fully ionized to nitronium ion for sulfuric acid concentrations higher than 95 wt.
% (Hoggett et al., 1971). On the basis of the literature findings (Albright et al., 1996; Edwards
et al., 1994) and the results of the present thesis work, three main regions can be individuated
in a ternary diagram. The light green region in Fig. 5.1 represents all the mixtures in which
nitronium ion is detectable by Raman. As a result, no experimental measurements exist out of
this region. For this reason, the dividing line between the green and the pale blue region is
identified as the 0% dissociation line of nitric acid to nitronium ion (Edwards et al., 1994). In
spite of this, nitrations of organic substrates are reported to occur beyond this line, in the pale
blue region of Fig. 5. 1, in the present investigation as well as in previous works (Zaldivar et
al., 1995; Di Somma et al., 2014b; Andreozzi et al., 2006). To this merit, even though NOJ is
not detectable by Raman in this region, it is still present and effective in the nitration of
aromatics. Finally, the purple region of Fig. 5.1. contains all the mixtures for which no
nitration of organic substrate occurs, or it is so slow that is not suitable for laboratory accurate

kinetic study and industrial applications.

¢ nitronium ion
HNO, detectable by Raman

A slow nitration range

X very slow or no
nitration range

Fig. 5.1. Investigated experimental conditions in the literature and this thesis for
nitronium ion determination.
The only reported attempt to model the experimental data of the green region of Fig. 5.1 was
proposed by Albright et al. (1996). As outlined in Chapter 2, the proposed model is
inadequate, since it is based on the assumption of ideal behavior of the equilibrium species in
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a wide range of highly acidic experimental conditions. The previous presented semi-empirical
approach of the Hy acidity function was adopted for nitration kinetics in the pale blue region.
In Chapter 2, the M, function was presented. In the same Section, it was shown that the

relation

NOF _ —log <VH+VHN03> _ TLM?ZSO4 eq. 5.1

Yno}

taking into account the non-ideal behavior of reaction r. 5.1, was verified for nitric acid
concentrations up to 0.1 mol-L™ and successfully used for modeling nitrations occurring in

the pale blue region of Fig. 5.1, although some changes in the value of the constants and the

+
definition of M. °? were introduced. In Zaldivar et al., 1995, for example, the activity
coefficient of water is also included in the denominator of eq. 5.1. However, any attempt to

reproduce the experimental data by Albright et al. (1996) in the high acidic region by means

of the previously proposed Mévo2+ function gave disappointing results. This is completely
reasonable if one considers that the validity of the M. function, as defined by 5.1, has been

proved only in the range 80 — 100 % wt. of sulfuric acid for nitric acid at trace levels (Sampoli

0

et al., 1985). Moreover it must be highlighted that the definition of Mév is significantly
different from that of M, for the protonation of a generic base, which was extensively studied
and proved in a wide range of sulfuric acid concentration, because of the different nature of
the species considered in the reported ratio (eq. 5.1).

The experimental nitronium ion concentrations by Albright et al. (1996) are shown in Fig. 5.2
as plotted by Edwards et al. (1994). It can be noted that, at a fixed molar percentage of HNO3
the molar concentration of NO3 vs. the molar percentage of H,S0, (S%) follows a sigmoidal

profile for all the adopted conditions.
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Fig. 5.2. [NO;"] molar concentration vs H,S0,molar percentage (5%) at varying nitric
acid molar percentage (N%). () 5 N%; (0) 10 N%; (¢) 20 N%; (&) 30 N%; () 40 N%;
(X) 50 N%; (o) 70%; (A ) 80%. Experimetal data from Albright et al., (1996) and
Edwards et al. (1994).

In this region, a semi-empirical approach can thus be applied. The following expression was

used to fit the experimental data

+1 _ a eq. 5.2
[NO] 1+b-exp(—c-5%)

where 5% is the sulfuric acid molar percentage and [NO; ] the concentration of nitronium ion
in mol-L™*. The values of the constant parameters a, b, and ¢ were optimized in order to
minimize the mean square deviation between the experimental and calculated data, and their
values were plotted vs. the nitric acid molar percentage N% in the mixture. The results are
shown in Fig. 5.3. The values of the parameters can be expressed by the following polynomial

expressions.
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Fig. 5.3. Dependence of the parameters of equation 5.2 on the nitric acid molar

percentage N%.

a=-2409-10""(N%)* + 6.392-10">(N%)3 — 6.942 - 1073(N%)? + 2.823 €q.5.3
1071 (N%)

b = 16426 eq. 5.4

c=1.891-10"1°(N%)® — 3.934 - 10"8(N%)° + 3.169 - 10"°(N%)* — 1.226  eq.5.5
+107*(N%)? + 2.395 - 1073 (N%)? — 2.085 - 1072(N%)
+2.2686 - 1071

where a is expressed in mol-L™, and b and ¢ are adimensional parameters.

Eq. 5.2 is inaccurate in calculating nitronium ion concentrations in the pale blue and purple
regions of Fig. 5.1, since it overestimated their values. In these cases, even though a small
absolute error is present, it is relatively significant for very low nitronium ion concentrations
and can be dramatically important in kinetics investigations carried out under these
conditions.

For nitrations occurring in the neighbourhood of standard mixed acid composition, i.e. 20 %
wt. HNO5 and 60 % wt. H,S0,, represented by the blue triangles in Fig. 5.1. with a nitric acid
molar fraction lower than about 0.2, the Hy function-based models have been reported (Di
Somma et al., 2012; Zaldivar et al., 1992). As previously mentioned, according to this semi-

empirical approach the nitronium ion concentration can be estimated as

AH

[NOS] = exp (ﬁ) exp (

eg. 5.5

AS*) YHNO3 [HN03]

10~HR
R J Yu,o [H,0]
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where yyyo,and yy,o Can be evaluated as shown in Khudhairy et al. (1989). The values of
AH and AS™ were recalculated on the basis of those reported by Di Somma et al. (2014a), but
removing the simplifying assumption of independence of the activity coefficients on
temperature. Their values are 50.94 kJ-mol™ and 39.63 J-mol™-K™, respectively. H values
can be calculated according to eq. 2.1. Even though eq. 5.5 has already been used for NOS
concentration estimation, there are no experimental measurements available to prove its
validity. In this Chapter, an indirect experimental method for its evaluation is proposed.
According to the general reaction mechanism of nitration, under the adopted conditions, the

nitration reaction rate of an aromatic substrate Ar is

7 = kind[INOS][Ar] eq. 5.6

where k;,, iIs the intrinsic kinetic constant of the reaction between nitronium ion and the
aromatic substrate. Nitration of benzaldehyde was chosen as a reference reaction. Considering
two experimental runs carried out at the same temperature but in different nitrating mixtures,
the initial reaction rate for t = 0 can be derived from the initial slope of the concentration

profile vs. the time. It can be expressed as

= kine[NOF12[Ar]S eq. 5.7
3 = kine[NOF13[Ar]3 eq. 5.8

where the subscripts 1 and 2 refer to two different experimental runs. From equations 5.7 and

5.8 the following expression can be derived

(VO30 = ﬁ [Ar]? eq. 5.9

that makes it possible to calculate the concentration of nitronium ion in an unknown mixture
2, once the [NOF]9 concentration is known. Equation 5.9 can be adopted to estimate
nitronium ion steady-state concentrations in all the possible ternary mixtures, once the initial
reaction rate is measured. The method was validated verifying the validity of equation 5.9 for
three different nitrating mixture for which experimental data are available (Albright et al.,
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1996). The three nitration experiments were run at 20 °C with experimental nitronium ion
concentration of 0.149, 0.086, and 0.041 mol-L™. Benzaldehyde profiles vs. time are shown in
Fig. 5.4.

0O [NO3] =0.149 mol-L*
60 o [NO3]=0.041 mol-L"
A [NO3]=0.086 mol-L*

C (mmol-L'Y)

time (min)

Fig. 5.4. Benzaldehyde profiles vs. time for three different experimental runs. Lines are

for convenience of the eye.

The concentration of nitronium ion for each run was estimated by eq. 5.9 considering one at
time the other two as a reference and the estimated values were always close to the
experimental ones with a maximum 7% error.

Once validated, the method was used to estimate the nitronium ion concentration in mixtures
with an unknown concentration of nitronium ion in the concentration range represented by the
blue triangles in Fig. 5.1. The results were compared with the values estimated by using
equation 5.5. The initial nitric acid and sulfuric acid concentrations for the analyzed mixtures
are summarized in Table 5.1.

In Fig. 5.5, the results of the described indirect measurements are directly compared with the
prediction of the model proposed by Albright et al. (1996), the predictions of equation 5.2, i.e.
the sigmoidal model, and the estimations given by eq. 5.5. The calculated and experimental
nitronium ion concentrations have been arbitrarily plotted vs. the molar concentration of nitric
acid. The above-mentioned overestimation of the proposed models for highly acidic mixtures

(green region of Fig. 5.1) is shown in Fig 5.5a. The expanded scale in Fig. 5.5b shows the
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good agreement between the indirectly measured NOJ concentrations and the Hy function-

based calculations in this range of concentrations.

[HNO3]o(m [H250,]0(

ol-L Y mol-L™)
2.41 9.49
3.04 9.40
3.87 9.16
4.93 10.03
5.25 9.35
4.70 9.86
5.03 9.23
5.21 8.80
4.55 9.25
5.26 8.96
5.61 9.41
4.07 9.22
3.31 9.08
5.93 8.45
4.85 9.35
4.86 9.37
5.29 9.14

Table 5.1. Adopted experimental condition to estimate nitronium ion concentration in

the neighbourhood of the standard mixed acid.
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Fig. 5.5. a) comparison between N O3 concentrations calculated using the model by

Albright et al. (1996) and the proposed sigmoidal model, and the lower concentrations

calculated by indirect measurement and the Hy function. b) Comparison between the

NO3concentrations calculated using indirect measurement and the Hy function (zoom

in).

5.3. Raman dissociation measurements of sulfuric acid to bisulphate and nitric acid to

nitrate

As mentioned in the introductive Section 5.1, no available data on nitric acid dissociation to

nitrate and sulfuric acid to bisulphate in concentrated acidic mixtures are available in the
literature. Most Authors (Sampoli et al., 1985; Zaldivar et al., 1995; Li et al., 2017)

considered, as an implicit simplifying assumption, that there was no influence of nitric acid on
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sulfuric acid dissociation, being the former (reported pK, ranging from -3 to -9, (Mosier et al.,
2002; Kawamoto et al., 2007; Shin et al., 2013; Allinger et al., 1972)) a much stronger acid
than the latter, pK, = -1.4 (Perrin, 1982). This assumption is surely true and verified for low
nitric acid concentrations (Deno et al., 1961). However, no direct measurement can support
this hypothesis for higher nitric acid concentrations, which are normally adopted in nitrating
mixtures. A first experimental evidence is provided in the following. In Fig. 5.6, Raman peaks
of three different aqueous mixtures of sulfuric acid are compared with those of ternary
mixtures with the same sulfuric acid concentration but in the presence of significant amounts
of nitric acid. The shown Raman peaks at 426 cm™, are reported to be due to the v, band of
HSO, (Tomikawa et al., 1998, Walrafen et al., 2002). No peaks are present for aqueous nitric

acid at the same wavelength (not shown).

[H,50,]=10 mol-L*

.
" Q
X
2
L
\

[H,S0O,]=5 mol-L?

Intensity (arbitrary units)

\ \ [H,50,]=2.11 mol-L'*

_____

325 350 375 400 425 450 475 500
Wavenumber (cm?)

Fig. 5.6. Comparison of the bisulphate Raman peak at varying sulfuric acid
concentration without nitric acid (continuous line) and with added nitric acid (dashed
lines). The added nitric acid concentrations are 1, 3, and 5 mol-L™ for sulfuric acid

concentrations of 2.11, 5 and 10 mol-L™, respectively.
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As evident from Fig. 5.6., no substantial changes in the peak shape, position and intensity are
recorded, especially for higher acids concentrations, proving that the sulfuric acid dissociation
is not affected by nitric acid even for comparable concentrations.

To better investigate the acids speciation, other 31 ternary mixtures with nitric acid, sulfuric
acid, and water initial concentrations varying in the ranges 1.14 — 10.93 mol-L™, 1.75 — 15.9
mol-L™ and 5.69 — 44.7 mol-L™, respectively, were submitted to Raman analysis. An example
of Raman spectra of a concentrated ternary aqueous mixture of nitric and sulfuric acid is

shown in Fig. 5.7.

Intensity (arbitrary units)

250 450 650 850 1050 1250
Wavenumber (cm)

Fig. 5.7. Raman spectra of a ternary mixture of nitric acid, sulfuric acid, and water.
[HNO3]o = 8.72 mol-L™; [H,SO4]o = 7.56 mol-L™.

Bisulphate ion concentrations were estimated by the peak intensity at 426 cm™. The
calibration procedure was carried out through several binary aqueous sulfuric acid mixtures
with a sulfuric concentration lower than 11 mol-L™, for which a unitary dissociation degree is
reported (Robertson at al., 1964; Tomikawa et al., 1998; Fraenkel, 2015). Once the bisulphate
ion concentration was estimated, the nitrate concentration was calculated using a
deconvolution procedure at 1048 cm™. The nitrate ion concentration was predicted with good
accuracy for binary aqueous solutions of nitric acid with known dissociation degrees, once a
calibration line was obtained using aqueous sodium nitrate solutions. Further details are
provided in Chapter 4. Nitronium ion concentration was estimated as shown in Section 5.2.
The results of the Raman analyses for the investigated mixtures are shown in Table 5.2.

H,S0, and HNO5 concentrations were calculated as the difference between their initial
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analytical concentration and the concentrations of the ionic species deriving from their
dissociation.

[HNO3]o [H;S04]9 [H,0ly [H,SO,] [HSOy] [HNO3] [NO3] [NOj]

2.77 12.45 12.45 0.95 11.50 2.52 0.10 0.15
8.72 7.56 12.79 0.06 7.50 8.19 0.53 0.00
6.02 10.84 7.23 0.84 10.00 5.92 0.10 0.00
1.14 15.94 5.69 1.46 14.49 0.00 0.00 1.14
4.53 13.59 4.53 1.47 12.12 1.20 0.42 2.91
6.96 11.60 4.64 0.91 10.69 3.98 0.42 2.56
9.51 9.51 4.76 0.06 9.45 7.13 0.12 2.27
10.93 6.83 9.56 0.16 6.67 10.21 0.51 0.21
2.41 9.49 23.28 0.09 9.40 2.14 0.27 0.01
4.93 10.03 14.52 0.28 9.75 4.52 0.41 0.01
5.81 9.52 13.72 0.48 9.04 5.37 0.44 0.02
5.03 9.23 16.84 0.23 9.00 4.65 0.38 0.00
5.61 9.41 14.61 1.53 8.94 5.18 0.43 0.02
6.17 9.54 13.06 0.56 8.98 5.74 0.44 0.03
2.92 2.78 42.11 0.36 2.42 1.61 1.31 0.00
6.59 6.76 20.34 0.12 6.64 6.23 0.36 0.00
3.18 8.80 22.74 0.15 8.64 2.86 0.31 0.00
0.92 1.75 50.39 0.26 1.49 0.56 0.37 0.00
3.25 6.27 30.47 0.29 5.98 2.79 0.46 0.00
1.93 10.39 21.11 0.00 10.39 1.60 0.32 0.00
2.64 7.04 29.49 0.15 6.89 2.27 0.37 0.00
2.63 7.86 9.26 0.11 7.75 1.94 0.69 0.02
10.02 6.42 13.35 0.59 5.84 9.66 0.36 0.02
9.28 5.94 16.30 0.90 5.68 8.98 0.29 0.01
2.00 2.11 44.70 0.06 2.05 1.11 0.89 0.00
3.00 5.00 33.85 0.11 4.89 2.30 0.70 0.00
461 1.30 41.36 0.02 1.28 2.50 2.10 0.00
4.64 1.92 39.58 0.00 1.92 2.73 1.92 0.00
4.73 3.28 35.69 0.01 3.27 3.34 1.39 0.00
3.13 1.94 43.01 0.23 1.71 1.49 1.64 0.00
6.24 3.22 32.31 0.04 3.19 4.92 1.32 0.00

Table 5.2. Experimental equilibrium concentrations by Raman analyses.

As presented in Table 5.2, H,S0, dissociation degree resulted to be always higher than 90%
for sulfuric acid initial concentrations up to 11 mol-L™*, with a mean dissociation degree of
about 95%. This is in agreement with literature data about binary H,SO, — H,0 mixtures
(Robertson et al., 1964; Tomikawa et al., 1998; Fraenkel, 2015) for which the dissociation is
almost complete. Nitric acid dissociation degrees are almost always lower than 10% in highly
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acidic mixtures whereas a maximum ionisation degree of 52% was calculated for less acidic
mixtures. The reported general considerations are in accordance with the previously published
observations (Sampoli et al., 1985; Zaldivar et al., 1995). Contrary to what was observed for
sulfuric acid, nitric acid dissociation is significantly influenced by the presence of sulfuric
acid and the registered ionization of nitric acid to nitrate is always lower than in pure water.
As a general consideration at higher H,S0, concentration, the dissociation of nitric acid to
nitrate ion is inhibited. Moreover, nitric acid dissociation is inhibited by the presence of nitric
acid itself, since it is known that its dissociation degree decreases for higher concentrations
even in binary nitric acid/water mixtures. The previous considerations are well described by
Zaldivar et al. (1995) in the diagram reported in Fig. 5.7. As shown, the nitric acid
dissociation degree to nitrate in sulfuric acid decreases when increasing the initial
concentration of sulfuric acid in the mixture. However, the diagram in Fig. 5.7. is obtained for
nitric acid at trace levels, i.e. 10™ mol-L™. The reported curve is reasonably parametric with
nitric acid concentration. In this sense, the experimental measurements reported in this work
can be considered as an extension of the results presented by Deno et al. (1961) for higher

nitric acid compositions.

0 5 10
[HzSO4]o m0|' L.l

Fig. 5.7. Dissociation degree of nitric acid to nitrate vs. initial sulfuric acid
concentration; data from Deno et al. (1990); Zaldivar et al. (1995).
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5.4. Equilibrium simplified model

On the basis of the previous investigations and the data presented in this Chapter, a simplified
model was proposed to predict the equilibrium species concentrations, based on the following

reactions

H,S0, - HSO; + H* r.5.4
HNO; 2 NO3 + H* r.5.2

Incongruous information is reported for sulfuric acid pK, ranging from -3 to -9 (Allinger et
al., 1972; Mosier et al., 2002; Kawamoto et al., 2007; Shin et al., 2013). This is probably due
to the difficulties in calculating such a high value for the dissociation constant that can vary in
a wide range, when small errors in the equilibrium concentrations determination are made. In
addition, there are several difficulties in evaluating with high accuracy the activity coefficient
variation of ionic and neutral species in a strongly non-ideal solution for the full range of
concentrations. In fact, the proposed thermodynamic models (Song et al., 2009; Bollas et al.,
2008; Chen et al., 2004; Wang et al., 2017) are often based on very complicated equations and
the identification of the model parameters is still an important subject of study. Therefore,
simplified approaches have been proposed in the literature (Marziano et al., 1973; Zaldivar et
al., 1995). However, for all practical purposes, at sulfuric acid concentrations up to about 11
mol-L™ a full dissociation can be assumed without committing a too significant error. For the
nitric acid dissociation in the presence of sulfuric acid the following equilibrium relation was

considered

Ky _ [NOZJ[H*]
5556 [HN03] - aHZO

S eq. 5.10

It is worth noting that the equation was slightly modified to take into account the definition of
pKy for high diluted acid solutions. In this case the reported value of 55.56 is the molar
concentration of pure water that is usually included in the equilibrium constant value for
highly diluted mixtures. In this case, it was chosen to express the equilibrium relation taking

into account the variations of the water activity ay,o. For highly diluted systems eq. 5.10 is

reduced to eq. 5.11, and pK) is then defined and calculated.
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_[NOS][HT] eq.5.11
N [HNOs]

According to the M. function theory, the values of M. were calculated by the following

polynomial expression, eq. 5.12, obtained interpolating data from Marziano et al. (1981)

Mg = —2.0359 - 10~ - [H,S0,]% + 8.2033 - 1073 - [H,S0,]3 — 1.2824-10"'  eq.5.12
- [H,S0,]? + 5.6384 - 1072 - [H,S0,], — 2.3932 - 1071

where [H,S0,], is expressed in mol-L™. Contrary to what was reported for the estimation of
nitronium ion using the M. function theory in Chapter 2, the validity of eq. 5.10 was verified
in the whole range of sulfuric acid concentration and gave consistent results. In fact, the M.
definition is strictly applicable for r. 5.2, and improperly extended in eq. 5.1.

On the basis of the mentioned assumption, the model relied on the following mass balances

[HNO5], = [HNO5] + [NO3] + [NO5] eg. 5.13
[H*] + [NOS] = [NO3] + [HSO; ] eqg. 5.14
[HSO; ] =~ [H,S04], eq. 5.15

[H,S0,] = 0 eq. 5.16

where eg. 5.13 and 5.14 are the nitrogen and charge balance, respectively. In both equations
the nitronium ion concentration [NO] was estimated as described in Section 5.2 depending
on the initial conditions. The set of equations was solved by means of the software Matlab in
order to find the values of Ky and n, to minimize the mean square deviation between the
calculated concentrations of the species and the experimental data reported in Table 5.2.

The best estimated values were Ky = 25.5+ 0.87 mol-L™ and ny = 0.37+ 0.03. It is worth
noting that the Ky estimated value corresponds to pKy=-1.4, very close to the one reported in
the literature (Perrin, 1982). The results, in terms of the experimental (symbols) and
calculated (continuous lines) concentrations of the species in all the considered mixtures, are

reported in Fig. 5.8.
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molar concentration
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Fig. 5.8. Experimental (symbols) and calculated (continuous lines) concentrations for

ionic and neutral species at the equilibrium.

As shown, the model is capable of predicting with good accuracy the speciation of nitric and
sulfuric acid in ternary concentrated mixtures with sulfuric acid concentrations up to 11
mol-L™.

In conclusion, according to the above results and considerations, nitronium ion concentration
can be calculated using either the Hy function (low acidity range) or the sigmoidal empirical
model (high acidity range), depending on the initial concentrations of nitric and sulfuric acid.
Under the normally adopted conditions for nitrations, i.e. in the neighborhood of standard
mixed acid composition, nitric acid decomposition to nitrate is negligible. On the other hand,
for more diluted systems, which are normally used to oxidize organic compounds, the
dissociation of sulfuric acid is unaffected by the presence of nitric acid, and the contribution
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of nitric acid dissociation to the acidity of the media can be calculated according to the above-
developed simplified model.
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6. Results I1: Preliminary investigations on
nitrobenzaldehydes synthesis from benzyl

alcohol

6.1. Feasibility of tandem oxidation-nitration of benzyl alcohol in mixed acid

Preliminary experimental runs were carried out in order to confirm literature indications and
verify preliminary hypothesis about the reacting system.

The results of three different isothermal runs, carried out adding low concentrations of benzyl
alcohol to three different nitrating mixtures, are shown in Fig. 6.1. A 25 % wt. aqueous
mixture of nitric acid was used in Fig. 6.1a; recorded concentration profiles confirmed the
indications found in the literature, since benzyl alcohol was quantitatively converted to
benzaldehyde with unitary yield and selectivity. The reaction time was considerably
decreased in the kinetic run of Fig. 6.1b, for which an amount of 10 % wt. of sulfuric acid was
added. Lastly, concentrated mixed acid, i.e. 21.9 % wt. HNO4, 58 % wt. H,S0,, and 20.1 %
wt. H,0, were adopted in Fig. 6.1c. The results of this last run confirmed the initial
hypothesis on the possibility to obtain nitrobenzaldehydes from benzyl alcohol in mixed acid.
As shown, benzyl alcohol is almost instantaneously converted to benzaldehyde so that only
traces of benzyl alcohol can be detected in the first sample assumed as the zero-time reaction
sample. No traces of nitrated derivatives of benzyl alcohol were detected. Moreover, the
pseudo-first order kinetics of both nitration and oxidation reactions were confirmed.
Instantaneously formed benzaldehyde was successively nitrated in the same reaction media

with a higher occurrence of 3-nitrobenzaldehyde.
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Fig. 6.1. Preliminary kinetic runs on benzyl alcohol in different mixtures. a) 25 % wt.
HNO3, 75 % wt. H,0, T = 30 °C. b) 25 % wt. HNO3, 10 % wt. H,S0,4, 65 % wt. H,0, T
=30°C.c)21.9% wt. HNO3, 58 % wt. H,S0,, 20.1 % wt. H,0, T = 20 °C. Lines are for

the convenience of the eye.

Contrary to what was reported in the literature (Ogata et al., 1966; Ross et al., 1986;
Strazzolini et al., 2003), the oxidation of benzyl alcohol in aqueous nitric acid and mixed acid
occurs even without the addition of nitrite. The addition of sodium nitrite did not affect the
reaction rate up to 8700 ppm, in agreement with the suggested catalytic role that it could
explicate in the reaction mechanism. As an example, in Fig. 6.2., the normalized
concentration profiles of benzaldehyde in a 25 % wt. aqueous mixture were reported for
different amounts of added sodium nitrite. Similar results were obtained in the presence of

sulfuric acid.
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Fig. 6.2. Normalized concentration profiles of benzaldehyde during benzyl alcohol
oxidation at varying sodium nitrite concentrations. 25 % wt. HNO3, 75 % wt. H,0, T =
30 °C.

Finally, an experimental run was carried out under the same operating conditions of Fig. 6.1c
starting from benzaldehyde instead of benzyl alcohol. The comparison between the results is

shown in Fig. 6.3.

1.0 @
\ @ benzaldehyde

0.8 - M 2-nitrobenzaldehyde

A 3-nitrobenzaldehyde

Normalized concentration

time (min)

Fig. 6.3. A comparison of two experimental runs starting from benzaldehyde (full
symbols) or benzyl alcohol (empty symbols). 21.9 % wt. HNO5, 58 % wt. H,S0,, 20.1 %

wt. H,0, T =20 °C. Lines are for the convenience of the eye.
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Concentration profiles are coincident, suggesting that the nitration process is not affected by
the starting material, since the oxidation rate of benzyl alcohol is much higher than the
nitration rate of benzaldehyde. As a result, the whole process can be seen as a tandem two-

steps reaction with very different time scales.

6.2. Safety considerations

In spite of the possibility of obtaining nitrobenzaldehydes from benzyl alcohol, realizing
tandem oxidation-nitration in the same mixture, some safety considerations are needed. In
fact, in order to carry out the two reactive steps in the same mixture, highly acidic media must
be adopted. Under these conditions, the oxidation reaction was proved to be very fast so that a
great thermal energy is generated in a very short time. In addition, the consequent, but slower,
heat release due to the nitration reactions must be taken into account, too. The experiments
presented in Fig. 6.3 were carried out at low organic concentrations and long reaction times to
operate under isothermal conditions. An increase in concentrations of either the acids or the
reactants will consequently impose more stringent requirements for heat removal. Following
the approach presented in Section 1.2.1, an estimation of the adiabatic temperature rise for the
tandem process can be easily provided. By group contribution method (Medard, 1989), a heat
of reaction of 1100 J-g™* and 1185 J.g* were estimated for benzyl alcohol oxidation and
benzaldehyde nitration, respectively. Assuming a mean specific heat of 2 J.g"-K™* the

adiabatic temperature rise can be calculated by

AH,, + AH,; m .6.1
ATad — ox nit AT ~ 380 K eq 6

Cp My + Mypix

where m,, and m,,,;,, are the masses of the aromatic substrate and mixed acid, respectively,
and a ratio between the substrate and mixed acid of 0.5 was chosen, since it is a common
choice in industrial applications (Olah et al., 1989). Even for lower ratios, such a high
adiabatic temperature rise value indicates a high probability of thermal explosions occurrence.
To clarify this aspect, a temperature profile was recorded during tandem oxidation reaction
carried out in batch mode under isoperibolic conditions, i.e. at constant temperature of the

cooling fluid, water, in this case. The experiment was carried out in standard mixed acid with

66



a My, /Moy ratio of 0.4. The cooling system temperature was constantly 23 °C. The substrate

was added to the mixture at once and the total mixture mass was about 12 g.
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Fig. 6.4. Temperature rise in isoperibolic mode. Organic/mixed acid ratio = 0.5; cooling

system T = 23 °C. Standard mixed acid composition.

Despite the low amount of reacting mixture, the temperature rise was dramatically high, and
temperature increased from 23 °C to 83°C almost instantaneously. For the adopted lab-scale
batch reactor, the product U-A was estimated to be 5.1 J-s*-K™, where U is the global
exchange coefficient and A the exchange surface. Moreover, it must be considered that the
thermal inertia of the reactor is estimated to be 2.07, more than double that of an industrial

scale batch reactor. Thermal inertia @ is defined as

M-C eq. 6.2
m-c

where M and C are the mass and the mean specific heat of the reactor materials and m and c,,
the mass and mean specific heat of the reacting mixture in the reactor. @ is used to take into
account the contribution of reactors walls heating to experimentally measured temperature
increments. In an industrial scale reactor, the thermal energy involved in the reactors walls
heating is negligible compared to that necessary to heat the reacting mixture and the thermal
inertia is about 1. At higher values of thermal inertia, the experimentally measured
temperature rise is less conservative, so that, for an industrial reactor with the same cooling

efficiency of the one used in Fig. 6.4., the temperature rise would be double. As a result, even
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though tandem oxidation-nitration process starting from benzyl alcohol seems an attractive
option, serious safety concern must be considered.
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7. Results 111: Benzyl alcohol oxidation Kkinetics

7.1. Introduction

Tandem oxidation-nitration of benzyl alcohol was shown to be attractive, even though several
safety issues must be considered (Chapter 6). Hence, a detailed kinetic model needs to be
developed in order to predict the reactivity of the species involved in the process at varying
process conditions. In the previous Chapter, preliminary experimental runs showed the
feasibility of nitrobenzaldehydes synthesis using benzyl alcohol as a row material. However,
the same experiments showed that, under the experimental conditions usually adopted to
nitrate aromatic substrates, benzyl alcohol oxidation kinetics are too fast to be easily followed.
To this merit, it is possible to investigate the two reaction steps separately, since oxidation of
benzyl alcohol usually occurs under less acidic conditions, under which no or very slow
nitration was observed. In this Chapter, on the basis of the experimental evidence, a detailed
kinetic model is developed to better characterize the oxidation reaction highlighted in Fig. 7.1.

CH,OH CHO CHO CHO

NO:
Mixed acids Mixed acids
_— |

NO:

Fig. 7.1. Oxidation of benzyl alcohol in tandem oxidation-nitration process.

7.2. Reaction mechanism discrimination

Despite conflicting indications in the literature (Section 2.2.2), the most recent papers suggest
an ionic mechanism, highlighting the role of benzyl nitrite (Fig. 7.2) as a key intermediate
(Aellig et al., 2011; Aellig et al., 2012).
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Fig. 7.2. Benzyl nitrite structural formula.

Different experimental investigations were carried out to clarify these aspects. The results of
three experimental runs carried out in mixed acid at varying concentrations of added 1,1-
diphenyl-2-picrylhydrazyl (DPPH), a well known radical scavenger (Chandrasekar et al.,
2006) are presented in Fig. 7.3. The addition of DPPH did not significantly affect the reaction
rate, suggesting the absence of radical intermediates involved in the process. Similar results,
even though in the presence of a solid catalyst, were obtained by Aellig et al. (2011), using

2,4,5-tri-tert-butylphenol as a radical scavenger.

- < [DPPH]=0mM
' 8 O [DPPH]=2.79mM
o 06 1 B A [DPPH]=5.01mM
S 8
< o 3
!
0.2 - & é
0 L] L] L) L] L] 1
0 0.5 1 1.5 2 2.5 3
time (min)

Fig. 7.3. Normalized concentration profiles of benzyl alcohol in mixed acid (24 % wt.
HNO3, 15 % wt. H,S0,, 61 % wt. H,0) at varying DPPH concentration. T = 30 °C. Cy
=20mM.

To confirm the experimental results, EPR spectra of reactive samples, collected 30 and 90 s
after the addition of the organic substrate, were compared to those of the acid mixture
collected before the addition of the organic substrate, Fig. 7.4. The only detected radical

species was NOj3, whereas there was no evidence of C-centered or O-centered radicals.
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Moreover, the three recorded spectra were coincident suggesting the absence of radical

reaction involving the organic substrate.

t=0s

t=30s
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Fig. 7.4. EPR spectra of reacting mixture samples at different reaction times.

Similar results were obtained for experiments conducted in aqueous concentrated nitric acid,

in the absence of sulfuric acid.

7.3. Results and Discussion

Several experimental runs were carried out at varying temperature, nitric acid concentration
and sulfuric acid concentration in the ranges 10 — 30 °C, 2.0 — 8.5 mol-L™?, and 0 — 1.81
mol-L™?, respectively. At higher acidic conditions, oxidation kinetics were too fast to be
accurately followed. In order to estimate Kinetic parameters without the interference of mass
transfer between phases, benzyl alcohol concentrations were chosen lower than its solubility
in the acid solutions. The results, in terms of benzyl alcohol concentration profiles, of
experimental runs carried out in aqueous nitric acid at different nitric acid concentrations are

presented in Fig. 7.5. Benzaldehyde profiles were omitted for the sake of clarity.
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Fig. 7.5. Normalized concentration profile of benzyl alcohol in aqueous nitric acid at
varying nitric acid concentrations. T = 30 °C. The lines are for convenience of the eye.

As shown, in aqueous nitric acid, benzyl alcohol was converted to benzaldehyde with unitary
selectivity and the reaction was faster when the nitric acid concentration was increased.
Specifically, at fixed reaction times the conversion was a sigmoidal function of the nitric acid

concentration as presented in Fig. 7.6

]_ =
0.8
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[HNO3] (mol-L?)

Fig. 7.6. Conversion of benzyl alcohol as a function of nitric acid concentration at

different reaction times. T = 30 °C.

Similar results were obtained at fixed nitric acid concentration, when adding different

amounts of sulfuric acid, as shown in Fig. 7.7.
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Fig. 7.7. Normalized concentration profile of benzyl alcohol in mixed acid at varying
sulfuric acid concentrations. T = 30 °C. [HNO5] = 4.45 mol-L™. The lines are for

convenience of the eye.

As reported, the reaction was faster at higher sulfuric acid concentrations. Differently from
the case of aqueous nitric acid, conversion has a linear dependence on sulfuric acid

concentration below the limit of unitary conversion, as shown in Fig. 7.8.
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Fig. 7.8. Conversion of benzyl alcohol as a function of sulfuric acid concentration at
different reaction times. T = 30 °C.



The concentration dependence of benzyl alcohol conversion presented in Fig. 7.6 and 7.8
suggest that the reaction rate is directly related to the acid dissociation and, consequently, to
the H™ concentrations in the mixture. In this regard, the found linear and sigmoidal
dependences are in complete agreement with the qualitative results presented in Chapter 5 on
the acids dissociation. In fact, at the investigated concentrations, nitric acid dissociation
follows a sigmoidal profile with its initial concentration (Davis et al., 1964; Redlich et al.,
1968), whereas sulfuric acid can be considered completely dissociated. Lastly, from the
comparison between Fig. 7.5 and 7.7, it is clear that the addition of small amounts of sulfuric
acid in the mixture is capable of significantly increasing the oxidation reaction rate in
comparison to the case of aqueous nitric acid.

Finally, the effect of the temperature was investigated in Fig. 7.9.

c/S,

t (min)

Fig. 7.9. Normalized concentration profile of benzyl alcohol in aqueous nitric acid at

varying temperatures. [HNO3] = 4.33 mol-L™. The lines are for convenience of the eye.

In this case, an increase in temperature resulted in a higher reaction rate, since the Arrhenius-
like dependence of the kinetic constant on temperature. The assumption was confirmed by the
results in Fig. 7.10, where the logarithms of the pseudo first-order kinetic constants k' of Fig.

7.9 were plotted against the reciprocal of absolute temperature T according to

E
nk' = lnky === eq. 7.1
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Fig. 7.10. Pseudo first-kinetic constant dependence on temperature. [HNO3] = 4.33

mol-L .

Contrary to what reported in the literature, no induction periods were observed under all the
investigated conditions, also in the absence of added nitrite. It is possible to conclude that a
catalytic amount of nitrite is always present in mixed acids because of the occurrence of the

following equilibrium of decomposition of nitric acid to nitrous acid

HNO; 2 HNO, + 0.50, K, r71

7.4. Kinetic model

On the basis of the literature indications (Section 2.2.2) and the experimental evidence, the

following reaction scheme can be proposed

HNO; 2 HNO, + 0.50, K, ri1
HNO; - H,0 + H,50, 2 HSO; + NOJ + 2H,0 K 172
@CH,OH + HNO, + H* 2 H,0 + OCH,0ONOH* K; 173
OCH,0H; = OCH,0H + H* K, r.74

H,S0, - H* + HSO; r.75
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HNO; 2 H* + NO3 Ky 176

k
®CH,ONOH* = @CHO + HNO + H* ko T
where the dependence on temperature of each equilibrium constant K; is
AH; — TAS; eq. 7.2
K; = —
= e (-— )
and the reaction rate r; for reactionr. 7.7 is
eq. 7.3

+ 0 Eax +

Equilibrium r. 7.1 is the above-mentioned decomposition of nitric acid to nitrous acid.
Thermodynamic parameters for this equilibrium are easily calculated using the enthalpy and
entropy of formation of the involved species; the calculated AH; and AS; values are 53.97
KJ-mol™-K* and -1.97-10" KJ-mol™, respectively. Formed nitrous acid, in acidic
environment, attacks benzyl alcohol to give rise to the protonated form of benzyl nitrite (r.
7.3). The decomposition of protonated benzyl nitrite is the rate determining step for the
formation of benzaldehyde (r. 7.7), Fig. 7.11.

» _N

~_ _H
T
0”0

Fig. 7.11. Protonated benzyl nitrite decomposition.

Equilibrium reaction r. 7.4 takes into account benzyl alcohol protonation. For the sake of
completeness, the equilibrium of nitronium ion formation r. 7.2, was also included in the
model. However, under the adopted conditions, no nitrations occur and the equilibrium is
fully shifted to the left; as a result, no significant changes occurred in the development of the

kinetic model when this equilibrium was discarded.
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On the basis of the proposed mechanism the following material balances can be considered

_[HNO,1[0:10 1 eq. 7.4

K, =
! [HNO;] YHNO;

10-Hr eq. 7.5

AH) (AS*) Yunos [HNO3]
exp

[NOF] = ex (—
2 P\RT R ) Vo [H0]

[HNO3)o = [HNO3] + [HNO,] + [HNO] + [NOF] + [NO3 ]| + [6CH,ONOH*] eq.7.6

[H,S04]y = [HSO; ] eq. 7.7
[H,S0,] = 0 eq. 7.8
Ky [HT][NO3] 1 . 10_Mguvo3 eq. 7.9

55.56  [HNOs][H,0] Vh,o

_ [@CH,0NOH*][H,0]
37 [H*][HNO,][#CH,0H]

Vo 10n3_Mé-INO3 eqg. 7.10
2

K, _ [H*][@CH,0H] . 1 . 10_n4_Mé-IN03 eq. 7.11
55.56 [BCH,0H;1[H,0] Yi,o

[H*] + [NOS] + [0CH,ONOH*] + [6CH,0HS] = [NO3 ]| + [HSO; ] eq. 7.12
[070r] = [0CH,OH] + [0CH,O0HS ] + [@CH,ONOH™] eq. 7.13
d[@ror] _ eq.7.14

.~ 1!
d[@CHO] eq. 7.15

a0
d[HNO] eq. 7.16

a0

In the following the main assumption of the model will be discussed. Equation 7.5 is the

equilibrium relation to estimated nitronium ion concentration. It has been already pointed out
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the negligibility of this equilibrium for the adopted conditions, nevertheless it was included in
the model; a detailed discussion about its validity and limits was presented in Chapter 5.
Equations 7.7 and 7.8 take into account the complete dissociation of sulfuric acid under the
adopted relatively high diluted solutions whereas equation 7.9 is the equilibrium relation for
nitric acid dissociation. In order to take into account the definition of pKy for highly diluted
acid solutions, the molar concentration of pure water (55.56 mol-L™), together with the water

activity yy,o[H,0], were included in the equation, as previously explained in Chapter 5. The

M, function definition was used to estimate the activity coefficients contribution of the other
species. In this case, they were related to the acidity function of nitric acid itself, instead of
that of the sulfuric acid, since most of the experiments were carried out in the absence of
sulfuric acid. Strictly speaking, in the presence of sulfuric acid the following relation should

be considered in equations 7.9 — 7.11

MN% = ny - M50 eq. 7.17
However, in the considered range of sulfuric acid concentration, the influence of sulfuric acid
on nitric acid dissociation can be neglected with an estimated maximum error of 4 %, that is
lower than the maximum error associated to HPLC analysis. For this reason, the models
developed either taking into account or deliberately ignoring eq. 7.17 for runs in the presence
of sulfuric acid, did not significantly affect the results of the parametric estimation. With
respect to this, it must be remembered that, according to literature data (Fig. 5.7) and
simulations carried out with the model developed in Chapter 5, nitric acid dissociation to
nitrate in sulfuric acid follows a sigmoidal profile. As shown in Fig. 7.12, at a maximum
adopted sulfuric acid of 1.81 mol-L™, the almost constant straight section of the sigmoidal
profile is intercepted and a small error is committed when calculating nitric acid dissociation

in the absence of sulfuric acid instead of that in the presence of a small amount of sulfuric

acid (brick red line in Fig. 7.12). MZ"°* can be calculated according to

MM = 1.4691- 10 [HNO;]3 + 5.6793 - 1075 [HNO5]¢ — 9.8857 - 10*[HNO;]3  €q. 7.18
[

+5.5605 - 10"3[HNO;3]% — 9.7124 - 10"2[HNO;],

Eg. 7.18 was deduced interpolating the data by Redlich et al., (1968) on nitric acid
dissociation in the investigated range.
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Fig. 7.12. Difference between the nitric acid dissociation values calculated in the absence

and the presence of sulfuric acid for a maximum concentration of 1.81 mol-L™.

Equations 7.6 and 7.13 are the total nitrogen and charge balances, respectively.

Equations 7.14 and 7.15 represent the differential balances for the benzyl alcohol and
benzaldehyde consume and formation. It must be stressed that for eq. 7.14 a total mass
balance for all the species in equilibrium with benzyl alcohol is necessary. In fact, the dilution
quenching of the collected reactive samples shifts equilibria 7.3 and 7.4 to benzyl alcohol so
that the benzyl alcohol concentration measured by HPLC analysis of diluted sample
represents the sum of all the concentrations of the species included in eq. 7.13. Moreover,

according to the pseudo-component theory for the generic reaction scheme

A=2B=cCc5D r.7.8

in which the conversion of C to D is the rate determining step the following differential

equation can be considered

d[Cror] d[A+B+C(] eq. 7.19
dt dt = —k[C]
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where Cror 1S @ pseudocomponent. In fact, as soon as [C] is decreased because of the
occurrence of the irreversible reaction, equilibria are rapidly shifted to keep [C] at the
equilibrium value, so that only an overall consume rate can be evaluated.

Oxygen concentration in aqueous nitric acid and mixed acid was estimated according to
Tromans (1998) empirical model for the estimation of oxygen solubility in electrolytic
solutions. According to this theory, oxygen solubility can be expressed by equations 7.20 and

7.21 in the presence and the absence of sulfuric acid, respectively.

[02]1iq = Po, - k(T) 'fH2504(fHN03)0'8 eq. 7.20
[02]1iq = Po,  k(T) * funos, eq. 7.21

where Py, is the oxygen partial pressure in the reactor freeboard (0.21 atm) and k(T) is a

known function of temperature (Tromans, 1998)

0046T2%—20335h(T/298)—-(2993784—0092T)CT—-298)—-20591 eq. 7.22
k(T) = exp

8.314T

fr,s0,and funo,are two factors that can be expressed as a function of the molality of H,S0,

and HNO4, respectively.

frps0, = (1 +0.09mptso )75 eq. 7.23
funo, = (1 + 0.16m2’,?,%3)‘°-7 eq. 7.24

where my,so, and mpyyo, are the molal concentrations of the acids. The semi-empirical
approach was successfully adopted to predict experimental concentrations of oxygen and it
takes into account also the activity coefficient variations of oxygen in the mixtures, since the
parameters of the model were calculated only on the basis of the experimental measurements.
For the modeled experimental runs, it was assumed that the concentration of oxygen was
constant with time and equal to the solubility value. This assumption can be considered valid
because of the strong agitation of the mixture that enhance the oxygen transfer between the
solution and the freeboard and because there is no significant gaseous product formation to
change the gaseous phase composition in the freeboard. Moreover, the freeboard volume is

more than double the volume of the liquid reacting mixture. yyyo, and yy,o Were calculated
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according to Khudhairy et al. (1989). In the absence of other indications, yyyo, Was
considered unitary since HNO, is present at trace levels because of the value of K;. However,
a sensitivity study conducted on the results of the mathematical model showed that the model
is not significantly affected for yyye,varying in the range 0.1 — 10. This is completely
justified considering that combining equations 7.3, 7.4, 7.10, and 7.14, without discarding the
nitrous acid activity coefficient, the following expression can be derived

. H*][HNO eq. 7.25
[QTOT] — —k1K1K3 yHNO3 10_n3'M?N03 M [@CHZOH] q

dt AH,0 [02]?13

in which the yy0, activity coefficient has no influence. Moreover, once the acidic media

composition was fixed, for low organic concentrations, the acid consume could be considered

negligible during each experimental run and equation 7.25 can be written as

d[Dror]
dt

eq. 7.26

= —Kk'[@CH,0H]

which is in agreement with the observed pseudo first-order kinetics.
Finally, it must be considered that formed HNO during the experimental run can undergo the

following reactions

HNO + HNO; — 2HNO, r.7.9
HNO - 0.5N,0 + 0.5H,0 r. 7.10

However, when these reactions were included in the modeling, they did not affect the results.
In fact, under the adopted conditions, this is easily related to the presence of HNO at trace
levels, so that its decomposition is completely negligible in all the nitric acid consume
evaluations. Experimental titration of acidic mixture before and after the addition of benzyl
alcohol confirmed the hypothesis of negligible acid consume (data not shown). Moreover,
literature indications (Ogata et al., 1966) suggested that, even for higher amount of benzyl
alcohol, one mole of nitric acid is consumed for each mole of produced benzaldehyde; as a
result, the reaction rate of r. 7.10 is likely to be much higher than 7.9. Lastly, even if a small

amount of HNO reacts with HNO5 to generate nitrous acid, the accumulation of this species
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can be ruled out since it would be rapidly converted to nitric acid through equilibrium r.1, that
Is strongly shifted to the left under all the possible experimental conditions.

Equations 7.4 — 7.16 were simultaneously solved by using Matlab software, in order to find
the best estimated values of the parameters to minimize the mean square deviation between

the experimental and calculated concentrations. The objective function was defined as follows

h ! n 2 eq. 7.27
PIDID I CRL T
g=1 i=1 m=1

were y and c are the calculated and experimental concentrations and h, [, and n respectively
represents the number of experimental data recorded in each experiment, the number of the
measured reacting species, and the number of experiments used in the optimization procedure.
The estimated values of the parameters were summarized in Table. 7.1. together with their
97% intervals of confidence. In Fig. from 7.13 to 7.19 the comparison between experimental
and calculated data, for some of the experimental runs used in the optimization procedure, are
presented. Moreover, as an additional model verification, in Fig. 7.20 and 7.21 it is shown the
comparison between experimental and calculated data for two experimental runs that were not
included in the optimization procedure, for which the continuous lines represent the simulated

predicted concentration profiles.

Equilibrium constants

AS;(J3-mol™) AH;(J-mol™t K™
AS; = (6.803 + 0.0201) - 10 AH; = (15.803 + 0.079) - 103
AS, = 41.798 4 0.042 AH, = (—8.406 + 0.042) - 103
Reaction
K2 (min™) Eq1(J-mol™)
(2.344 + 0.035) - 10*? (4.406 + 0.067) - 103

Acidity function parameters

ns = (1.135 + 0.270) - 10~* n, = (1.112 + 0.265) - 10~*

Table 7.1. Estimated model parameters.
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Fig. 7.13. Concentration profiles. Experimental (symbols) and calculated (continuous
lines) data. [HNO3] = 4.34 mol-L*; T = 30 °C.
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Fig. 7.14. Concentration profiles. Experimental (symbols) and calculated (continuous
lines) data. [HNO3] = 2.10 mol-L™*; T = 30 °C.
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Fig. 7.15. Concentration profiles. Experimental (symbols) and calculated (continuous
lines) data. [HNO3] = 4.57 mol-L"; [H,S0,] = 1.18 mol-L™*; T = 30 °C.
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Fig. 7.16. Concentration profiles. Experimental (symbols) and calculated (continuous
lines) data. [HNO3] = 4.47 mol-L"; [H,S0,] = 1.81 mol-L™*; T = 30 °C.
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Fig. 7.17. Concentration profiles. Experimental (symbols) and calculated (continuous
lines) data. [HNO3] = 4.34 mol-L*; T =20 °C.
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Fig. 7.18. Concentration profiles. Experimental (symbols) and calculated (continuous
lines) data. [HNO3] = 3.45 mol-L™"; T =12 °C.
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Fig. 7.19. Concentration profiles. Experimental (symbols) and calculated (continuous

lines) data. [HNO3] = 4.45 mol-L"; [H,804] = 0.57 mol-L™*; T = 30 °C.
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Fig. 7.20. Simulated concentration profiles. Experimental (symbols) and calculated

(continuous lines) data. [HNO3] = 8.44 mol-L™; T =30 °C.
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Fig. 7.21. Simulated concentration profiles. Experimental (symbols) and calculated
(continuous lines) data. [HNO5] = 3.58 mol-L™; [H,50,] = 1.16 mol-L™*; T = 16 °C.

As shown, the model is capable of predicting experimental data with high accuracy.

The kinetic parameters in Table 7.1 were estimated at varying temperature, nitric acid
concentration and sulfuric acid concentration in the ranges 10 — 30 °C, 2.0 — 8.5 mol-L™, and
0 —1.81 mol-L™, respectively, which are their validity ranges. Moreover, as shown in Chapter
9, they are capable of predicting fast conversion of benzyl alcohol to benzaldehyde at nitric

acid and sulfuric acid concentrations up to 8.3 mol-L™ and 10.7 mol-L™, respectively.
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8. Results I1V: Benzaldehyde nitration Kinetics

8.1. Introduction

In this Chapter, the results of an extensive experimental campaign, carried out to characterize
the second step of proposed tandem oxidation-nitration process, are presented. The results
were analyzed and a kinetic model was proposed to predict reaction rates and selectivities to
the main reaction products: 2- and 3- nitrobenzaldehydes. The simplified reaction scheme
under investigation is highlighted in Fig. 8.1. Similarly to the case of benzyl alcohol
oxidation, benzaldehyde nitration kinetics have a great importance in the development of a
safe process, also regardless its coupling with oxidation reaction in the proposed tandem

reaction.

CH,OH CHO CHO CHO

NO:2

Mixed acids Mixed acids
—_— —_—

NO:2

Fig. 8.1. Nitration of benzaldehyde in tandem oxidation-nitration process.

A detailed overview of nitration mechanism of organics was provided in Chapters 1 and 2. In

this Chapter, suffice it to say that for the nitration of aromatic species Ar

k
Ar+ NOF 3 ArNo, + H* r.8.1

it is possible to express the nitration rate as
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E, .8.
v = ky[NOF1[4r] = kfyexp (——220) [NOZ [47] o8

In a wide range of concentrations, normally employed in nitrations (Section 5.2), the
concentration of nitronium ion can be expressed according to the Hy acidity function.

Therefore, equation 8.1 can be written as

E AH AS™\ Yuno. [HN O3] eg. 8.2
= kO (_ _a'N) (_) ( ) 3 107Hr[A
T NEXp =T ) €P\ 77 ) PR Vo [H0] 0~"R[Ar]

and thus

eg. 8.3

E*
o) PHNO: 1 0-1s 1O, [4r] = K[HNO,][4r]

Ty = ky'exp (—
ay,o

which is a reported simplified expression for nitration reaction rate (Di Somma et al., 2012)

based on experimental evidence. In eg. 8.3 the following expressions were used

AS*) eq. 8.4
R
an = Eqn + AH eg. 8.5

kY = kY exp (

The Arrhenius-like expression for the global constant k3 is observed since the term 10~Hr

has an exponential dependence on —1/T, too, and the dependence on temperature of YHNO;

aH,0
can be generally neglected.

Therefore, equation 8.2. will be adopted in the following.

8.2. Results and discussion

The results of a standard experimental run of benzaldehyde in mixed acid, in the
neighborhood of the standard mixed acid composition, are presented in Fig. 8.2. As a general
result, meta- and ortho- nitrobenzaldehydes were the main reaction products with a higher

occurrence of 3-nitrobenzaldehyde; this was in agreement with the orto-para deactivating
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effect of the aldehydic group. Contrary to what was expected, 4-nitrobenzaldehyde was
always absent or present at trace levels. In fact, the deactivating effect of the aldehydic group
would result in an ortho- to para- molar isomer ratio of 2:1. This result suggests that a
different mechanism from direct nitration of the aromatic ring is responsible for 2-
nitrobenzaldehyde formation. The main literature indications (Sainz-Diaz, 2002; Di Somma et
al., 2014) are presented in detail in Section 2.1.2. According to them, the ortho- nitration of 2-
nitrobenzaldehyde is the result of an internal rearrangement of an intermediate species
deriving from the coordination of a nitronium ion with the aldehydic group (Fig. 2.3).

Some oxidation products were also detected; specifically, 3-nitrobenzoic acid is the favored
oxidation products. 2-nitrobenzoic traces were also detected (not shown in Fig. 8.1).

X Be A 3NBe

O 2NBe X 3NBA

a A A A A

¥ 0O
¥ 0
¥ DO
¥ 0O

u}

0 z.o 40 60 80
t (min)

Fig. 8.2. Concentration profiles during benzaldehyde nitration in mixed acid [HNO3] =
5.27 mol-L™; [H,504] = 9.38 mol-L™; T = 20 °C; experimental (symbols) and calculated
(continuous lines) data; Be = Benzaldehyde; 3NBe = 3-nitrobenzaldehyde; 2NBe =2-
nitrobenzaldehyde; 3NBA = 3-nitrobenzoic acid. Overall (%) = 7.0.

Poly-nitration reactions did not occur under all the investigated conditions up to 50 °C. On the
basis of the experimental evidence of the oxidative capacity of nitric acid on the aldehydic
group, additional experiments were carried out to take into account the effect of oxidations
and nitration of the oxidized products. The direct oxidation product of benzaldehyde oxidation
was benzoic acid. Some experiments were carried out starting from benzoic acid in mixed
acids. An example is shown in Fig. 8.3. As expected, 2- and 3-nitrobenzoic acids were the
only reaction products, with a higher occurrence of the meta substituted isomer. Contrary to

what observed for benzaldehyde, benzoic acid takes a relatively long time to be completely
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dissolved in concentrated mixed acids. For this reason, the time zero was assumed as that at
which no solid was present in the mixture, this explaining the partially converted benzoic acid
fort =0.

0.007
0.006
0.005

7 0.004 4

=

'S 0.003

© 0.002

0.001 gBE

0 10 20 30 40 50

Fig. 8.3. Concentration profiles during the nitration of benzoic acid in mixed acid.
[HNO3] = 4.57 mol-LY; [H,50,] = 9.28 mol-L™; T = 20 °C; experimental (symbols) and
calculated (continuous lines) data; AB =benzoic acid; 3NBA = 3-nitrobenzoic acid;
2NBA=2-nitrobenzoic acid. Overall ¢(%) = 5.3.

Under all the investigated conditions in the neighborhood of standard mixed acid
composition, benzaldehyde oxidation was much slower than nitration or completely absent
and nitrated products were the main ones.

In order to clarify the occurrence of oxidation reaction, other experiments were carried out
starting from 2- and 3- nitrobenzaldehydes in mixed acid. As an example, the results of two
experiments are presented in Fig. 8.4. Both experiments were carried out adding solid
nitrobenzaldehydes to mixed acid at higher temperature than ambient, 50 °C and 40 °C for 2
and 3 nitrobenzaldehyde, respectively. The results show that formed 2- and 3-
nitrobenzaldehydes can be efficiently oxidized to 2- and 3- nitrobenzoic acid in mixed acid.
However, it is worth noting that both oxidation reactions were much slower than nitration
reactions (Fig. 8.2) even at significantly higher temperature. Under the same conditions,
nitration of benzaldehyde occurs much faster and oxidation products were detected only at

trace levels (data not shown).
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Fig. 8.4. Concentration profiles during the oxidation of 2- and 3-nitrobenzaldehyde in
standard mixed acid. T = 50°C and 40 °C, respectively; experimental (symbols) and
calculated (continuous lines) data; 3NBA = 3-nitrobenzoic acid; 3NBe=3-
nitrobenzaldehyde; 2NBA = 2-nitrobenzoic acid; 2NBe=2-nitrobenzaldehyde. Overall

6(%) = 2.0; 6(%) = 3.0, respectively.

Once the relative occurrence of oxidation reactions was evaluated, the effect of the main
process variables on nitrations was studied, i.e. nitric acid and sulfuric acid concentrations,
and temperature. In Fig. 8.5 the effect of nitric acid concentration on benzaldehyde nitration
rate is investigated. As expected, the reaction rate was faster when the nitric acid
concentration was increased, being nitronium ion concentration higher. As previously
observed (Di Somma et al., 2014), a small increase in the acidic concentration results in a
great increase in the reaction rate. Reaction products distribution was deliberately omitted in
Fig. 8.5. and it will be discussed later on. A similar effect was observed at varying sulfuric

acid concentrations, Fig. 8.6.
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Fig. 8.5. Normalized concentration profiles of benzaldehyde in mixed acid at varying

HNO; concentrations.[H,S0,] = 9.46 mol-L™; T = 20 °C.
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Fig. 8.6. Normalized concentration profiles of benzaldehyde in mixed acid at varying

H,S0, concentrations. [HNO3] =5.24 mol-L™"; T =20 °C.

The effect of temperature is reported in Fig. 8.7. As expected an increase in temperature
results in higher nitration rates. According to equation 8.3, at low organic concentrations,
nitric acid consume can be neglected and a pseudo first-order nitration Kinetic is observed.

Pseudo first-order kinetic constants have an Arrhenius-like dependence on temperature, Fig.
8.8.

93



0 50 100 150 200
t (min)

Fig. 8.7. Normalized concentration profiles of benzaldehyde in mixed acid at varying
temperature. [HNO3] = 4.54 mol-L™!; [H,50,] = 9.21 mol-L™. Experimental (symbols)

and calculated (continuous lines) data. Overall 6(%)=7.0.
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Fig. 8.8. Pseudo first-kinetic constant dependence on temperature. [HNO;3] = 4.54 mol-L"
L [H,50,4] = 9.21 mol-L ™.

Finally, the influence of mixed acid composition on selectivity towards the two isomers was
investigated. Di Somma et al., (2014) highlighted the increase in the ortho-substituted isomer
when increasing the nitric acid content. On the basis of previous investigations (Sainz-Diaz et
al., 2002) this has been directly related to the higher nitronium ion concentration, that could
favour the internal rearrangement of the species deriving from the coordination of a nitronium
ion of the aldehydic group. This internal rearrangement is only possible on the ortho-position

because of its spatial closeness to this reaction center (Chapter 2). Following these
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considerations, the experimental selectivities to the two isomers were plotted against the
estimated nitronium ion concentration (Fig.8.9) together with the prediction of the
mathematical model that will be developed in the next Section. Under all the investigated
conditions, 3-nitrobenzaldehyde is the main reaction product. However, results confirmed the
observed increase in selectivity to the ortho-substituted isomer for higher nitric acid
concentrations, and, consequently, nitronium ion levels. The highest obtained yield of 31.6 %

is higher than the reported value of 27 % reported by Di Somma et al. (2014) for H, = -5.4.

O 2NBe exp
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03 Nbe exp ? 05 N
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0 L] L]
0 0.005 0.01

estimated [NO,*] mol-L*?
Fig. 8.9. Experimental (exp) and calculated (calc) selectivities to 2-nitrobenzaldehyde
(2NBe) and 3-nitrobenzaldehyde (3NBe) at different mixed acid compositions. T = 20°C.

8.3. Kinetic model

The main results of the literature survey and the presented experimental campaign can be

summarized as follows:

- Benzaldehyde reactivity is strongly dependent on mixed acid composition;

- Oxidation of benzaldehyde, 2-nitrobenzaldehyde and 3-nitrobenzaldehyde are
secondary reaction pattern. Their influence is higher for less concentrated mixed acid,
in which nitration kinetics are slower;

- 2-nitrobenzaldehyde yield was shown to vary between 18 and 31.6 % at varying nitric

acid and sulfuric acid concentrations;
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- the para-substituted isomer was never detected under all the adopted conditions
(except at trace levels);

- The increase in the ortho-substituted isomer yield at higher nitronium ion
concentrations was attributed to the formation and internal rearrangement of a
coordination species deriving from the attack of a nitronium ion to the aldehydic
group (BeNOY).

On the basis of the above information, the following reaction scheme could be proposed (Fig.
8.10).

NOS + 2H,0 + HSO;

5 K
<|2]—‘Ov< ([,l—n +
!i{ﬁ):; 172 X N (»/ \(I
k0X,7 | .‘\ ()_’ K | -
AB Be o c [ RS RN 1 D
: HNO, l]_u e NG~ BeNO;
tHNO NO, - +tHNO
: e | O 0 P— i /{‘ 3
Ky ks
' z.\’ch 2NBeNO}
| koxs v' HNO;
I o
1I
| o NO,
| =8 _ | _
|
[ ks 2NBA
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_ H A 0 )
| = - NO2 ST S H
! b 3NBe  Kovs
: 3NBeNOT
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| .
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kM6 . NO.
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Fig. 8.10. Proposed reaction scheme for benzaldehyde nitration.

Nitronium ion is the real nitrating species. It can directly attack either the ortho-position (ky ;

in Fig. 8.10) or meta-position (ky , in Fig. 8.10) of the aromatic ring of benzaldehyde (Be).
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Nitronium ion can also attack the aldehydic group of benzaldehyde to form BeNO; that is in
equilibrium with benzaldehyde (equilibrium constant K;). BeNOS can internally rearrange to
give the ortho-nitrated form of the coordination species (ky3 in Fig. 8.10), which is in
equilibrium with 2-nitrobenzaldehyde (2NBe). BeNO; can also be directly nitrated in
position 3 (ky, in Fig. 8.10). All the secondary oxidation reactions of benzaldehyde to
benzoic acid (BA, kox- in Fig. 8.10), 2-nitrobenzaldehyde to 2-nitrobenzoic acid (2NBA,
kox g in Fig. 8.10), and 3-nitrobenzaldehyde to 3-nitrobenzoic acid (3NBA, kyx o in Fig. 8.10)
were also included in the scheme. Finally, benzoic acid can be nitrated to form nitrobenzoic
acid isomers (ky 5 and ky ¢ in Fig. 8.10). The mathematical kinetic model was developed on
the base of the reaction scheme presented in Fig. 8.10. For each organic species a differential

mass balance was considered as follows

dlAr, n .8.6
- zk-l(ik;%,k [A7 [ [HNO5] £ ko [Ar]) -

dt
where the contribution of all the nitration and oxidation reactions to the formation or consume
of Ar; were taken into account.
In the previous Section, it was shown that, under all the adopted conditions, oxidation
reactions are much slower than nitrations. Therefore, the contribution of these reactions to the
global mass balance is almost always of minor importance. In a first attempt to model
benzaldehyde oxidation to benzoic acid, literature indications were followed (Joshi et al.,
2005). According to them, benzaldehyde oxidation reaction has a first-order dependence on
benzaldehyde concentration with a molar benzaldehyde to nitric acid consume of 1:0.5. On
the other hand, there is no information about oxidation kinetics of 2 and 3-nitrobenzaldehyde
by nitric acid. To reduce the complexity of the kinetic scheme and the number of parameters
to be determined a semi-empirical approach was followed. Several kinetic runs were carried
out starting from 2- and 3-nitrobenzaldehyde, showing a pseudo first-order dependence on
nitrobenzaldehydes concentration. Under the adopted conditions, the logarithm of pseudo
first-order kinetic constants was found to vary linearly with the molar concentration of water,
as shown in Fig. 8.11 at 40°C. Their intercepts were found to be a linear function of the
absolute temperature (data not shown). The obtained empirical expressions to describe these
secondary reaction pathways are reported together with the other adopted equation in the
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mathematical description of the model (eq. 8.9 — 8.10). In Table 8.1 the adopted experimental

conditions are summarized.

[H2 0] (mol-L) [H2 0] (mol-L)
10 20 30 10 15 20 25
-1 T T 0
AR LR '."'E 'ﬂ-i
E a2 ;5 15
S == 3
2.3 1 )
g 0 .25
-3 4 a 3 b
3.5 - -3.5

Fig. 8.11. Logarithm of pseudo first-order kinetic constants vs. molar water
concentration in 2-nitrobenzaldehyde (a) and 3-nitrobenzaldehyde (b) oxidation at T =

40°C. Experimental condition are summarized in Table 8.1.

Run HNOswt. %  H,SOuwt. % H,Owt. %  logk (min™)  [NBe]o(m

ol- L™
1 25 60 15 -3.1 0.053
2 20 60 20 -2.6 0.043
3 30 30 40 -1.6 0.043
4 26.1 50.3 26.1 -2.4 0.050
5 25 60 15 -3.3 0.138
6 20 60 20 -2.6 0.075
7 20 60 20 -2.6 0.137
8 25 50 25 -1.8 0.133
9 30 40 30 -15 0.140

Table. 8.1. Adopted experimental conditions for nitrobenzaldehydes oxidation. Runs 1-4

refers to 2-nitrobenzaldaldehyde; runs 5-9 to 3-nitrobenzaldehyde; T = 40°C.

The developed kinetic model relies on the following equilibrium reaction

Be + NOF 2 BeNOS K¢ r.8.3
2NBe + NOF 2 2NBeNO;3 r.8.4
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3NBe + NO; 2 3NBeNOF r.8.5

and the following irreversible reactions

Be + HNO;— 2NBe + H,0 ky 1 r.8.6
Be + HNO;— 3NBe + H,0 ky o r.8.7
BeNOj + HNO;— 2NBeNO3 + H,0 ky 3 r.8.8
BeNO3F + HNO;— 3NBeNO; + H,0 ky 4 r.8.9
AB + HNO;— 2NBA + H,0 ky s r.8.10
AB + HNO;— 3NBA + H,0 ke r.8.11
Be + HNO; — AB kox 7 r.8.12
2NBe + HNO; — 2NBA koxs r.8.13
3NBe + HNO; — 3NBA koxo r.8.14

for nitration reactions from r. 8.6 to r. 8.11 the reaction rate was expressed as

eqg. 8.7

E
e = ki [HNOS1[AT] = ki INOFT[An] = kS sexp (— =t ) VO3 1[Ari]

whereas the following expressions were adopted for oxidation reactions fromr. 8.12 to r. 8.14

Eqox,7 eq. 8.8
= kO (— ek ) B
Tox,7 0x,7€XP RT [Be]
1,0(0-088:[H20]-4.19-(T~313)+0.048) eg. 8.9
Tox,s = 60 -[2NBe]
10(0-18:[H20]-5.68:(T—313)+0.032) eg. 8.10
Toxo = 60 - [3NBe]

where 7oy g, Tox o are expressed in mol-L™-s™ and eq.s 8.9 and 8.10 are the above-mentioned

empirical equations.
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The following material balances were considered. In the following equations, the pseudo-
component theory presented in Section 7.4 was used to describe the global reaction consume

of species in equilibrium.

d[H3504]¢0t eq. 8.11
et
dt
d[H,0] eq. 8.12
dt =Ty1 +Tn2 +Tn3+TnsatTNs T TNg
d[HNOs] eqg. 8.13
% =—T"™a1 "2 ""N3 " "N4a—~T"N5 " TN6— 0-57"N,7 — 051y g — 0-57"N,9 f
AH AS™\ Yuno. [HNOs] eq.8.14
[NOS] = ex (—) ex ( ) 3 10~ Hr
2 PA\rr/“P\"R Yoo [H20]
[Belror = [Be] + [BeNOS] eg. 8.15
K- |Be -[NOF eq. 8.16
[BeNO3] = ¢ " [Belror [+ 2] q
(1+ K- [NOJD
d[BA] eq. 8.17
T =Tox,7 —Tns —Tne
d[2NBA] eq. 8.18
o Toxg T Tns
d[3NBA] eq. 8.19
—ar - Toxs +Tne
d[Be]ror eq. 8.20
T ==Tn1—Tn2 —TN3~Tna —Tox7
d[2NBelror eq. 8.21
T vt 7Tn3 —Toxs
d[3NBe]ror eq. 8.22
—ar N2 T Tna — Toxo

The total nitric acid consume in nitration was taken into account in equation 8.13. Moreover,
at highly acidic mixed acid composition ([H,S0,] > 9 mol-L™), for which nitrations occur, the
conversion of nitric acid to nitrate can be ruled out since it is mostly undissociated.
Simulations carried out with the model developed in Chapter 5 confirmed the literature
indications (Fig. 8.12). The equilibrium between benzaldehyde and its nitronium coordinated
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form is regulated by eq. 8.15 and 8.16. In equation 8.15, using the M. function theory a value

close to 0 was estimated for np.yos, that suggested a small influence of the activity

coefficients in the investigated range of concentrations or a compensation effect in their ratio.
Similar compensation effects in the ratio of activity coefficients has been already reported
(Ross et al., 1986). For this reason, they were included in the equilibrium constant value. For
the nitronium coordination equilibria of 2- and 3-nitrobenzaldehydes (r. 8.4 and 8.5), there
was no need to distinguish between their coordinated and uncoordinated forms since the
global balances eq.s 8.21 and 8.22 were considered; in addition the coordinated forms
2NBeNOJ and 3NBeNO; are not directly involved in irreversibile reactions, whereas the
oxidation reactions of 2NBe and 3NBe only have a minor importance in the global mass
balance. Moreover, it must be considered that equilibria r. 8.3, 8.4, and 8.5 are mostly shifted
to the left, as confirmed by the optimization results. This assumption was confirmed by
several optimization procedures, carried out taking into account equilibria r. 8.4 and 8.5, that
resulted in identical results, showing that the partition between the equilibrium forms has no
influence on the kinetic model. On the contrary, equilibrium r. 8.3 is of crucial importance,
being the coordinated form BeNO; directly involved in two irreversible reactions (r. 8.8 and
8.9).

1 -
e :\
Y - 0,
T °
< %.
"—‘-:, 0.4 - °°
2 ()
—_— [+)
0.2 % o
0 T T Q\?h‘“gmp_.—w
0 2.5 5 7.5 10 12.5

[HZSO4]O mOl‘L'l
Fig. 8.12. Simulated nitric acid dissociation degree to nitrate ion in sulfuric acid.
[HNOs] =5 mol-L™,

Equations 8.11 - 8.22 were simultaneously solved using the Matlab Software in order to find

the values of the parameters to minimize the following objective function
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h L n 2 eg. 8.23
Z z Z (yg,i,m - Cg,i,m)
g=1 i=1&=dm=1

were y and c are the calculated and experimental concentrations and h, [, and n respectively
represents the number of experimental data recorded in each experiment, the number of the
measured reacting species, and the number of experiments used in the optimization procedure.
The parametric optimization was carried out using more than 50 different experimental runs at
varying temperature, mixed acid composition, and initial benzaldehyde concentration. For
each experimental run, the concentration profiles of at least 4 species were experimentally
measured.

The optimized parameters, together with their 97 % intervals of confidence, are shown in
Table 8.2. Irrespective of their numeric values, it is worth stressing that the mathematical
model was independent on the value of the kinetic constant ky 1, this suggesting that the
direct nitration of benzaldehyde in ortho-position can be ruled out in the global reaction
scheme. This can explain the apparent contradictory absence of the para-substituted isomer
under all the investigated conditions. If the direct ortho-nitration of benzaldehyde was present,
then a para- to ortho- molar ratio of about 0.5:1 would be expected, since the aldehydic group
has the same deactivating influence on the two positions, and the probability of an ortho-
substitution is double than a para-substitution reaction. According to the results, 2-
nitrobenzaldehyde is only formed by the internal rearrangement of BeNO; when attacked by
a second nitronium ion. This mechanism can also explain the observed increase in the
selectivity to 2-nitrobenzaldehyde for higher nitric acid concentrations.

The results of the kinetic model calculations (continuous lines) were presented and compared
with the experimental data (symbols) in Fig. 8.2 - 8.7, and 8.9 for some of the adopted
experimental runs. Additional examples are presented in Fig. 8.13 — 8.17. Moreover, as an
additional model verification, an example of the comparison between experimental and
calculated data for an experimental run that was not included in the optimization procedure
was shown in Fig. 8.18. As presented, the model is capable of predicting the behavior of the

reacting system at varying conditions in the investigated ranges.
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Nitration reactions

N. kY ; Eqni
Reaction (L-mol™t-s™) (J-mol™)

1 Not evaluable Not evaluable

2 (1.64+0.011)-10" (1.118+0.002) -10°

3 (3.00+0.060)-10%° (9.213+0.008) -10*

4 (1.70+0.085)-10" (8.318+0.008) -10*

5 (1.69+0.30)-10* (9.410+0.046) -10*

6 (3.05+0.45)-10% (8.820+0.035) -10*

Oxidation reaction

N. kdx.i Eqox,i
Reazione s (3-mol™)

7 (9.40+0.88)-10° (5.004+0.020) -10*

Equilibrium constant

AS¢ AH
(J-Ktmol™) (3-mol™)

-(3.89+0.032) 107 -(1.015+0.001)-10°

Table 8.2. Estimated model parameters.

The kinetic parameters in Table 8.2 were estimated at varying temperature, nitric acid
concentration and sulfuric acid concentration in the ranges 10 — 50 °C, 2.41 — 6.72 mol-L*,
and 8.9 — 10.0 mol-L?, respectively, which are their validity ranges. Moreover, as shown in
Chapter 9, they are capable of predicting benzaldehyde nitration Kinetic at nitric acid and
sulfuric acid concentrations up to 8.3 mol-L™ and 10.7 mol-L™, respectively.
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Fig. 8.13. Concentration profiles. Experimental (symbols) and calculated (continuous
lines) data. [HNO3] = 3.88 mol-L"; [H,50,] = 9.19 mol-L™*; T = 20 °C.
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Fig. 8.14. Concentration profiles. Experimental (symbols) and calculated (continuous
lines) data. [HN O3] = 6.01 mol-L™"; [H,504] = 9.52 mol-L™; T = 20 °C.
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Fig. 8.15. Concentration profiles. Experimental (symbols) and calculated (continuous
lines) data. [HN O3] = 4.85 mol-L™"; [H,50,] = 9.34 mol-L™; T =20 °C.
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Fig. 8.16. Concentration profiles. Experimental (symbols) and calculated (continuous
lines) data. [HNO3] = 6.72 mol-L™"; [H,50,] = 9.45 mol-L™; T =20 °C.
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Fig. 8.17. Concentration profiles. Experimental (symbols) and calculated (continuous
lines) data. [HNO3] = 4.52 mol-L!; [H,50,] = 9.14 mol-L™; T = 40 °C.
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Fig. 8.18. Concentration profiles. Experimental (symbols) and calculated (continuous
lines) data. [HNO3] = 5.02 mol-L™; [H,50,] = 9.20 mol-L™; T =20 °C.
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8.4. Towards the industry: heterogeneous system modeling

As previously presented, most nitration processes in mixed acid are carried out in
heterogeneous liquid-liquid systems at industrial scale. In fact, the organic substrate, as well
as the reaction products, are poorly soluble in the aqueous acidic phase where the reaction
occurs. As a result, despite the determination of kinetic parameters is of crucial importance in
selecting the most convenient operating conditions, the mass transfer limitations and the
solubility of the organic compounds also need to be taken into account.

In this Section, an extension of the developed integrated kinetic model to the liquid-liquid
heterogeneous reacting system is presented. The predictions of the model were in agreement

with the experimental results.

8.4.1. Kinetic model extension

As explained in Chapter 4, there was no possibility to separately analyze the aqueous acidic
and the organic phases during heterogeneous experiments. This is mainly due to the
difficulties in separating two liquid reactive immiscible phases, keeping the system
isothermal, and quenching the reaction at the same time. For this reason, only the overall
moles consume can be experimentally determined for each organic compound. In order to
further validate the kinetic model, different kinetic runs under heterogeneous conditions were
carried out. The magnetic stirrer speed was regulated to run experiments under a Kinetic
regime. According to Danckwerts (1970), Doraiswamy, and Sharma (1984) theories on
regimes of heterogeneous reactions (Joshi et al., 2005), when the rate of chemical reactions is
much slower than the rate of mass transfer, the overall substrate consume is controlled by the
chemical reaction (kinetic regime). In a liquid-liquid system, the mass transfer rate is
dependent on the magnetic stirrer speed. At higher speeds, the turbulence, the spatial
concentration equalization, and the surface between the partially miscible phases are
significantly enhanced. As a result, in such heterogeneous systems the overall substrate
consume increases at higher impeller speeds, up to a plateau value, which is representative of
the kinetic regime. Several experimental runs, under different conditions, showed that for the
investigated system the kinetic regime assumption is verified for impeller speeds higher than

700 rpm. An example is shown in Fig. 8.19; as presented, nitrobenzaldehydes concentration
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profiles were independent on the stirrer speed (benzaldehyde profiles were omitted for
convenience of the eye).

0.8
A 700 rpm
2 900 rpm .
0.6 7
4 10530 rpm
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Fig. 8.19. Concentration profiles of 2- and 3-nitrobenzaldehyde at different stirrer
speeds. [HNO3] = 5.82 mol-L™"; [H,50,] = 10.41 mol-L*; T =15 °C.

The kinetic nitration model, developed in the previous Section, was modified adopting the

following expressions

an; _ z L eq. 8.24
dt - i N

eg. 8.25

EaN,i
RT

Eoni
) VO 1[Ar1°aves = e, exp (- 1) [NOFINGY,

Tni = kl(\)l,iexp (‘
where [Ar;]?9 is the concentration of the aromatic species i in the aqueous acidic phase and
744 is the volume of the acidic phase. Equations 8.23 and 8.24 take into account the overall
moles n; consume which is controlled by the kinetics in the aqueous acidic phase, in which
the reactions occur. The volume of the aqueous acidic phase and the solubility of the organics
change during the reaction as nitric acid is being consumed, whereas water is being formed. In
fact, in this case, for each mole of nitrated organic substrate one mole of nitric acid is
consumed and one mole of water is formed according to the mechanisms presented in this
Chapter. Moreover, dissolved organics can contribute to the acidic mixture volume changes.
Even though the organic concentration in the acidic phase is almost always negligible with
respect to the total molar concentration of water and acids, the additive volumes simplifying
hypothesis was assumed for dissolved benzaldehyde, together with dissolved

nitrobenzaldehydes according to equation 8.26
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Vaa(t) = V(L) + VAT (b) eq. 8.26

VAT () = Nyl MW, eq. 8.27
aiss(t) = p—
l l

where V™% is the volume of the nitrating mixture, Vi~ the volume of the dissolved organics,
and MW; and p; the molar weight and density of the i-th species, respectively. In equation
8.27, N,;,!; are equal to the maximum dissolved moles of the organic species i, according to
the solubility value in the mixture, until the amount of added organic is higher than its
solubility, and becomes equal to the total moles of the species i in the system once its amount
drops below the solubility value, because of the occurrence of the reactions.

Solubilities of the organics in mixed acid at varying composition and temperature where
separately investigated as described in Chapter 4. Their values were found to be independent
on the presence of the other organics in the system. The logarithm of the organic molar
fraction was linearly dependent on the reciprocal of the absolute temperature as shown for

some experimental runs in Fig. 8.20.

1/T(K?) 1/T(K?) 1/T(K?)
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Fig. 8.20. Solubility dependence on temperature. a) benzaldehyde, [HN O3] = 6.60 mol-L"
! [H,504] = 6.76 mol-L*; b) 2-nitrobenzaldehyde, [HNO3] = 1.90 mol-L?, [H,50,] =
10.25 mol-L™; ¢) 3-nitrobenzaldehyde, [HNOs] = 3.79 mol-L™, [H,S0,] = 11.32 mol-L™.

At a fixed temperature, empirical linear and quadratic correlations were found between the
logarithm of the i-th organic species molar fraction and the total molar acid concentration, in
the neighborhood of the investigated conditions. The empirical expressions can be

summarized as follows
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InXp, = 0.593 - ([HNOs] + [H,S0,]) + 0.0108 - T — 16.771 eq. 8.28
lf [HN03] + [H2504] > 129 mOl - L_l

In X,ype = 0.030 - ([HNO;] + [H,S0,])? + 0.0428 - T — 20.729 eq. 8.29
In Xsype = 0.403 - ([HNO;] + [H,S0,]) + 0.0492 - T — 23.961 eq. 8.30

The above equations were simultaneously solved to predict the molar consume of
benzaldehyde and formation of 2-nitrobenzaldehyde and 3-nitrobenzaldehyde under
heterogeneous liquid-liquid conditions. The calculated and experimental data were compared
in Fig. 8.21 - 8.24. As shown, the model was capable of predicting the experimental consume
rate without any further adjustment of the previously estimated kinetic parameters. The blue
lines, reported in Fig. 8.21 - 8.24, represent the maximum amount of dissolved benzaldehyde
in the acid mixture, calculated by equations 8.26 and 8.28; benzaldehyde was in a separated

phase as long as the total benzaldehyde moles in the system were higher than this value.

0.5
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Fig. 8.21. Heterogeneous nitration experimental run. Experimental (symbols) and
calculated (lines) data. Solubility value (blue line). [HNO3]o= 4.82 mol-L™, [H2504]0=
9.32 mol-L™; T =35 °C. n$,= 0.51 mmol.
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Fig. 8.22. Heterogeneous nitration experimental run. Experimental (symbols) and
calculated (lines) data. Solubility value (blue line). [HNO3]o=5.00 mol-L™, [H,S04]0=
10.44 mol-L"; T =25 °C. n$,= 1.03 mmol.
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Fig. 8.23. Heterogeneous nitration experimental run. Experimental (symbols) and
calculated (lines) data. Solubility value (blue line). [HNO3]o= 4.85 mol-L™, [H,50,]0=
9.30 mol-L!; T =25 °C. n$,= 0.4 mmol.
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Fig. 8.2. Heterogeneous nitration experimental run. Experimental (symbols) and
calculated (lines) data. Solubility value (blue line). [HNO3]o=5.01 mol-L™, [H,S04]0=
10.43 mol-L"; T =35 °C. n$,= 1.05 mmol.
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9. Results V: Benzaldehyde nitration in
microreactors

9.1. Introduction

According to literature findings (Kulkarni et al., 2014), and on the basis of the experimental
preliminary results and safety considerations presented in Section 6.2, benzaldehyde nitration
and tandem oxidation-nitration of benzyl alcohol are suitable reactions for microreactor
technology adoption. In this Chapter, some detailed investigations were carried out to
evaluate microreactors performances in the management of the process. The results show the
potentialities of microreactors to safely carry out the investigated reactions under hasher
conditions, often impossible to be adopted in batch reactors, even at laboratory scale. The
adoption of innovative reactor configurations was both used as a model verification and as an
experimental tool to safely study the process intensification in harsh conditions.

In this respect, in the first part of the Chapter, the experimental results were used to validate
the model predictions by adopting conditions different from those previously used in the
model development. Successively, the kinetic model was used to identify conditions to
maximize 2- and 3- nitrobenzaldehyde yields, respectively.

Some preliminary experiments were run to choose the most suitable microreactor
configuration. To this regard, the choice was restricted to two experimental devices presented
in Chapter 4: a tubular stainless-steel reactor (2 mm internal diameter) equipped with a cross
mixer device in a thermostatic bath and a commercially available small-diameter borosilicate
glass device with embedded mixer and heat exchanger. The two microreactor configurations
are typical examples of the two most adopted approaches in the literature: bath-immersed
flow reactors (Kulkarni et al.,, 2014) and integrated microreactors (Lowe et al., 2012;
Kulkarni, 2014), being the former less sophisticated and cheaper, the latter more compact and
easier to be used. It was already highlighted that in both cases the nature of heat transfer
remains almost the same (Kulkarni, 2014).

The first comparison was made at 20°C in standard mixed acid. The fed flow rate of mixed
acid and organics were adjusted in order to have an organic concentration of 5.0-10 mol-L™

and reaction times of 20, 40, and 60 min. Under those conditions the reacting mixture was
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homogeneous during the experiments and the obtained results were not significantly different
from each other and from the same experiment carried out in a refrigerated batch reactor. The
similar obtained results can be attributed to the relatively long residence times and the low
organics concentrations. Under these conditions the cross mixed and the embedded mixing
system are equally efficient in dissolving the organics in the acid mixture and reaction times
are sufficiently high to achieve an efficient radial mixing and homogeneous conditions along
the axes of the channels. However, experiments carried out with shorter residence times and
higher organics concentrations, even though lower than solubility, gave non-reproducible
results in the cross-mixer and immersed channel configuration. This is probably due to the
inefficiency of the cross mixer and radial equalization in these new conditions. Similar
considerations were found in the literature when adopting a simpler T junction (Kulkarni et
al., 2009). On the contrary, consistent and reproducible results were obtained with the
integrated reactor with embedded static mixer under all the investigated conditions, which is
why this reactor configuration was used for further experimental evaluations. Moreover, it is
worth mentioning that a scaled-up version of the adopted microreactor with similar
functionalities and properties is commercially available from Corning or Chemtrix, in

different materials, which could be an attractive commercial application.

9.2. Model validation

The previously presented two kinetic models for benzyl alcohol oxidation and benzaldehyde
nitration were integrated in a comprehensive kinetic model. At all the adopted temperatures
and mixed acid concentrations, in order to obtain nitrobenzaldehydes, the kinetic model
confirmed the experimental results concerning instantaneous conversion of benzyl alcohol to
benzaldehyde so that no traces of unconverted benzyl alcohol were detected. Which is why
benzyl alcohol concentrations profiles were omitted in the Figures presented in this Chapter,
since they are not discernible on the adopted time scales. Some exceptions will be discussed
later on. A simplified reaction scheme of the overall process is shown in Fig. 9.1.
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Fig. 9.1. Integrated model scheme for tandem oxidation-nitration of benzyl alcohol.

The previously obtained kinetic parameters were used to develop a new mathematical model
for a continuous flow reactor. Assuming a plug flow reactor ideal behavior, which is
consistent with the static embedded mixing system, the following mass balance can be

adopted for each aromatic species Ar;

d[Ar;] _ zr' eq. 9.1
dr 7
j

were t is the residence time defined as the ratio between the reactor volume V and the total
flow rate Q.,, and 7; is the generic positive reaction rate of formation or negative reaction
rate of consume of the i-th species. The developed model, together with the ideal flow
assumption was verified by running different experiments and comparing model predictions
with experimental concentrations. The results of a first comparison are shown in Fig. 9.2 —
9.4. Other examples carried out in harsher conditions will be presented in the next Sections.

The figures show a good agreement between model predictions and experimental data.
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Fig. 9.2. Concentration vs. residence time. Predicted (lines) and experimental data
(symbols). (Be) benzaldehyde; (2NBe) 2-nitrobenzaldehyde; (3NBe) 3-
nitrobenzaldehyde; [HNO3] =5.70 mol-L™; [H,$0,] = 10.05 mol-L™*; T = 6 °C; [Be], =
0.05 mol-L™.
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Fig. 9.3. Concentration vs. residence time. Predicted (lines) and experimental data
(symbols). (Be) benzaldehyde; (2NBe) 2-nitrobenzaldehyde; (3NBe) 3-
nitrobenzaldehyde; [HNOs] = 5.67 mol-L*; [H,504] = 9.91 mol-L™*; T = 25 °C; [Be], =
0.2 mol-L™.
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Fig. 9.4. Concentration vs. residence time. Predicted (lines) and experimental data
(symbols). (Be) benzaldehyde; (2NBe) 2-nitrobenzaldehyde; (3NBe) 3-
nitrobenzaldehyde; [HNO3] = 5.61 mol-L™; [H,50,] = 9.84 mol-L™*; T = 35.5 °C; [Be]o
=0.05 mol-L™.

9.3. Intensification of nitrobenzaldehydes synthesis
9.3.1. Intensification of o-nitrobenzaldehyde synthesis

Using a microreactor it was possible to safely investigate tandem oxidation-nitration reactions
in conditions that were impossible to be safely adopted in a batch reactor, namely higher acid
concentrations and temperature. Once the model was validated, it was used to find new
reaction conditions under which it is possible to maximize 2-nitrobenzaldehyde yield. An
upper limit temperature was fixed at 70 °C (dashed vertical line in Fig. 9.5); in fact, for higher
temperatures it is impossible to avoid a significant nitric acid decomposition, which is favored
by sulfuric acid high concentrations (Di Somma et al., 2014a). Fig. 9.5 shows the predicted
and experimental effect of the temperature on 2-nitrobenzaldehyde yield at fixed nitric acid
and sulfuric acid molar fraction. As shown, at a fixed mixed acid composition an optimal
temperature to maximize ortho-nitrobenzaldehyde yield can be found. This can be seen as the
result of two conflicting effects of temperature. In fact, at higher temperature the gap between
the formation rate of 3- and 2- nitrobenzaldehyde was reduced according to the estimated

Kinetic parameters in Chapter 8. However increasing temperature, the equilibrium between
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benzaldehyde and the nitronium coordinated form of benzaldehyde is shifted to the former,

reducing the influence of the ortho-substituted isomer formation mechanism.

b I Xn=0.45 al v
.... ghe
© 40 F3 : Xn=0.35 o 40 - M: 0.45
o) =t —Q ) s
E - - \ E r"“””/ :
> 30 A N > 30 4 ' Xs=0.35
3 ' Xn=025 3
2 I = |
~ 20 A ! ~N 20 A !
| |
d | b I Xs=0.25
10 T T T T . T T 10 T T T T ! T T
25 35 45 55 65 75 85 25 35 45 55 65 75 85

Fig. 9.5. Percentage yield of 2-nitrobenzaldehyde at varying conditions. (a) the effect of
nitric acid molar fraction at fixed sulfuric acid molar fraction Xs = 0.45; (b) the effect of
sulfuric acid molar fraction at fixed nitric acid molar fraction Xy = 0.35; experimental

(symbols) and calculated (lines) data.

As a general result, an increase in acid concentrations shifts the optimum vyield to higher
temperature. In fact, higher nitronium ion concentrations due to more concentrated acidic
media, can compensate for the shift of the abovementioned equilibrium. As reported in Fig.
9.5. the effect of sulfuric acid and nitric acid concentration is qualitatively similar. Moreover,
considering the upper Ilimit temperature of 70°C, no significant increase in 2-
nitrobenzaldehyde yield can be achieved for nitric acid and sulfuric acid molar fractions
higher than Xy = 0.35, and Xs = 0.45, respectively. This upper plateau is highlighted in Fig.
9.5. using dotted black lines. As a result of the presented considerations in the neighborhood
of the optimum point, additional experimental runs were carried out under the following
conditions: Xy = 0.35 ([HNO,] = 7.91 mol-L™); Xs = 0.45 ([H,S0,] = 10.17 mol-L™%); T = 68
°C; The nitronium ion concentration was calculated in agreement to the relations presented in
Chapter 5, depending on the adopted conditions. It must be noted that under highly acidic
conditions no extensive data on the effect of temperature on nitronium ion concentration
could be found. As a general result (Albright et al., 1996; Edwards et al., 1994; Edwards et
al., 1995), at a fixed mixed acid composition, nitronium ion concentration is reported to
decrease when increasing temperature. This is taken into account in equation 5.5 for relatively

low concentrated mixed acid, but not in empirical relation 5.2, which was adopted for highly
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concentrated mixtures. Few experimental data by Edwards et al. (1994) in the range 20 — 40
°C showed a maximum decrease of nitronium ion concentration of about 9 %. However, in
the range of interest it was verified that even doubling the percentage decrease, selectivities to
nitrated isomers is only affect for less than 2%, which is lower than the maximum evaluated
experimental error related to HPLC measurement. The results of two experimental runs
carried out at different organic concentrations are reported in Fig. 9.6. The reaction is very
fast and impossible to follow. According to the model prediction complete conversion of
benzaldehyde is achieved in less than 60 ms. However, the lowest residence time obtainable
with the available equipment was 9 s. As shown, up to 18 s the isomers yields is constant
since oxidation reaction are too slow to affect them on this time scale. The average measured
2-nitrobenzaldehyde yield was 41 % and space-time yields were 0.33 and 3.29 g-L™.s™ for
experiments in Fig. 9.6a and 9.6b, respectively. Finally, Fig. 9.6b shows that an increase in
the organic concentration up to 0.5 mol-L™ did not significantly affect the two isomers yields.
However, it is worth mentioning that, under the higher concentrated conditions, a significant
formation of gas bubbles was observed in the microreactor. Even though bubbles were
efficiently carried by the liquid steam, their presence will necessarily affect the residence time
distribution so that the experimental data attributed to residence times of 9 and 18 s are likely
to have shorter residence times. In this specific case, this did not affect yields since they are

constant at different times.
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Fig. 9.6. Concentration vs. residence time. Predicted (lines) and experimental data
(symbols). (Be) benzaldehyde; (2NBe) 2-nitrobenzaldehyde; (3Nbe) 3-
nitrobenzaldehyde; Xy = 0.35; Xs = 0.45; T = 68 °C; [Be], = 0.05 mol-L™ (a) and 0.5
mol-L™ (b).
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Even though the best results were obtained under the above-mentioned conditions, it is worth
noting that relatively high yield of about 38 % was obtained also under milder conditions: Xy
= 0.3 ([HNOs] = 7.41 mol-L'Y); Xs = 0.4([H,S0,] = 9.88 mol-L™); T =52 °C (Fig. 9.7).
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Fig. 9.7. Concentration vs. residence time. Predicted (lines) and experimental data
(symbols). (Be) benzaldehyde; (2Nbe) 2-nitrobenzaldehyde; (3Nbe) 3-
nitrobenzaldehyde; Xy = 0.300; Xs = 0.400; T =52 °C; [Be], = 0.05 mol-L™.

9.3.2. Intensification of m-nitrobenzaldehyde synthesis

A Matlab optimization routine was also used to find the experimental conditions to maximize
3-nitrobenzaldehyde yield. The optimum conditions, according to predictions, are: Xy =
0.130 ([HNO5] = 3.90 mol-L™); Xs = 0.318 ([H,S0,] = 9.5453 mol-LY); T = 68 °C; in these
conditions a 96 % yield was measured (Fig. 9.8). Also in this case, relatively high yield of 93
% was measured under milder conditions, namely Xy = 0.134 ([HNO] = 3.90 mol-L™); Xs =
0.35 ([H,S0,] = 10.19 mol-L™); T = 59 °C (Fig. 9.9).

Once defined the optimum conditions, simulations and experimental runs were carried out in
order to investigate the behavior of the reacting system in the neighborhood of the local
optimum, similarly to the previous presented study carried out for the ortho-substituted
isomer. In Fig. 9.10 the maximum predicted yield was plotted against the temperature for

different nitrating mixture compositions.
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Fig. 9.8. Concentration vs. residence time. Predicted (lines) and experimental data
(symbols). (Be) benzaldehyde; (2Nbe) 2-nitrobenzaldehyde; (3Nbe) 3-
nitrobenzaldehyde; Xy = 0.130; Xs = 0.318; T = 68 °C; [Be], = 0.05 mol-L™.

0.05 -
0.04 -
O Be
J A
e A A 3NBe
-
5 0.02 - O 2NBe
= Q
© 0.01 A
[ e B o
0 L) L]
0 0.5 1 1.5

t(min)

Fig. 9.9. Concentration vs. residence time. Predicted (lines) and experimental data
(symbols). (Be) benzaldehyde; (2Nbe) 2-nitrobenzaldehyde; (3Nbe) 3-
nitrobenzaldehyde; Xy = 0.134; Xs = 0.350; T =59 °C; [Be], = 0.05 mol-L™.

For less concentrated mixture and lower temperature nitration kinetics are slower and the
significant occurrence of oxidation reactions reduce 3-nitrobenzaldehyde yield, being 3-
nitrobenzoic acid the oxidation product detected at higher levels. On the contrary, using more
acidic nitrating mixtures, 2-nitrobenzaldehyde yield increases, decreasing selectivity to 3-
nitrobenzaldehyde. Finally, an increase in temperature, shift the equilibrium between

benzaldehyde and its nitronium coordinated form to the former, favoring direct nitration of
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the aromatic ring in meta- position. For all the above reasons, the qualitative and quantitative
effect of the process variables on the meta-substituted isomer are significantly different from
the ones observed in the case of 2-nitrobenzaldehyde. Unlike the ortho-isomer, at a fixed
temperature and sulfuric acid molar fraction, a maximum yield can be achieved for an
optimum value of nitric acid composition, as presented in Fig. 9.10c. This is in accordance
with the previous investigations (Sainz-Diaz, 2002; Di Somma et al., 2014b) that showed a
decrease in 3-nitrobenzaldehyde yield, and hence an increase in 2-nitrobenzaldehyde yield,

for nitric acid concentrations corresponding to a molar fraction higher than 0.15.
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Fig. 9.10. Percentage yield of 3-nitrobenzaldehyde at varying conditions. (a) effect of
nitric acid molar fraction at fixed sulfuric acid molar fraction Xs = 0.320; (b) effect of
sulfuric acid molar fraction at fixed sulfuric acid molar fraction Xy = 0.130; (c) the
effect of nitric acid at fixed Xs = 0.320 and T =68 °C; experimental (symbols) and

calculated (lines) data.

It must be stressed that, contrary to what was found for the ortho-substituted isomer, a full
conversion of benzaldehyde, under the optimized conditions, was achieved for higher reaction
times. Moreover, the time to achieve the maximum yield was strongly dependent on the

adopted conditions. As a result, for lower temperature and acid concentrations, the residence
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time necessary to achieve the maximum yield could be increased up to 2 orders of magnitude.
Similarly to what was done for 2-nitrobenzaldehyde, some experiments were carried out
under the experimental conditions of Fig. 9.8 and 9.9 with higher organic concentrations. In
this case, the significant formation of gas bubbles affected the residence times and reduced the
conversion of benzaldehyde. Since the gas formation is mainly ascribed to the oxidation
reaction of benzyl alcohol, other experiments starting from benzaldehyde under the same
experimental conditions were performed. Nevertheless, even though a higher conversion
degree was achieved, it was always lower than the one measured for lower organic
concentrations (data not shown). This is due to the fact that, in this less acidic media and for
slower kinetics, an organic concentration of 0.5 mol-L™ resulted in a liquid-liquid
heterogeneous flow. Benzaldehyde is poorly soluble in the aqueous acidic phase and the
conversion of benzaldehyde is limited by the solubility of the organic in the aqueous phase
and the mass transfer between immiscible phases. It is worth noting that for the above
described heterogeneous liquid-liquid phase experiments the average percentage selectivity
was about 96 %, even though the conversion degree was lower. This is in agreement with the
results obtained in homogeneous phase, since selectivity coincide with yield for a unitary
conversion degree. The measured selectivities are reported in Table 9.1. In conclusion, under
heterogeneous conditions, it is possible to conveniently carry out the reaction, but providing
for higher residence times, that is equivalent to use higher volume microreactors to not reduce

the inter-phase mass transfer and the productivity.

Run 1 2 3 4 5 6 7 8 9 10

Selectivity
(%)
Table. 9.1. 3-nitrobenzaldehyde selectivities under heterogeneous conditions. Xy = 0.130;

Xs=0.318; T =68 °C; Co: 0.3—0.5 mol-L™.

9551924 | 951|979 | 945|974 | 972|978 | 97.2 | 97.7
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10. Conclusions

In this thesis, an extensive investigation of the production of nitrobenzaldehydes starting from
benzyl alcohol and/or benzaldehyde is provided, as well as a deeper investigation on more
general Kinetic aspects concerning nitrations in mixed acid.

As a result, in the light of the previous works, a unitary vision of the problem of the
determination of nitronium ion concentration in mixed acid was presented and practical
empirical and semi-empirical approaches were provided to predict its concentration in a wide
range of normally employed ternary aqueous mixtures of nitric and sulfuric acids in nitrations.
The empirical approach was combined with a more rigorous simplified equilibrium model,
based on the experimental evidence, to predict the speciation of the acids in mixtures at
varying conditions, including the presence of nitrate and bisulphate ions. The results were in
accordance with the previous investigations as well as with the successive results of this
thesis. Even though the simplified approach is useful in verifying hypothesis and developing
reliable integrated complex kinetic models, a further effort is recommended in the future to
develop more rigorous and comprehensive equilibrium model, capable of reproducing
experimental data in the whole range of concentrations. Despite the already published papers
working in this direction, the identification of the parameters of complex models, i.e. Pitzer,
eNRTL, et cetera, for a comprehensive description of such a common industrial reaction
media is still an important object of study.

The results of this investigation were successfully used to develop kinetic models for benzyl
alcohol oxidation and benzaldehyde nitration in mixed acid and could be of great importance
in the description of other organic substrates reactions in such a media.

The development of kinetic models clarified the role of specific chemical intermediates in the
mechanism of benzyl alcohol oxidation and benzaldehyde nitration by nitric acid.
Specifically, benzyl nitrite formation was found to be in accordance with the experimental
results obtained for benzyl alcohol oxidation. Moreover, the coordination of nitronium ion on
the aldehydic group of benzaldehyde was found to be the only and preponderant effective
mechanism for 2-nitrobenzaldehyde formation in mixed acid. The clarification of the
formation pathway of the ortho-isomer, as well as the developed kinetic model, allowed to
predict the conditions under which this mechanism could be either enhanced or inhibited. The
experimental runs confirmed the predictions and the yields of nitrobenzaldehydes were

significantly increased. However, harsher reaction conditions, namely higher temperature and
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acids concentrations, were required for nitrobenzaldehydes synthesis intensification. The
safety issues related to the managing of a tandem oxidation-nitration process carried out under
atypical harsher conditions were successfully overcome with the adoption of commercially
available microreactor devices. Using a microreactor, the reaction was easily and safely
carried out under both homogeneous and heterogeneous conditions with exceptionally low
residence times. This is a promising indication for highly priced materials productions, e.g.
pharmaceutical drugs, since different scaled-up versions of the adopted device, with similar
functionalities, are commercially available.

Finally, promising results were obtained when extending the kinetic model to the description
of nitrobenzaldehydes formation wunder heterogeneous conditions. As a future
recommendation, the development of a thermodynamic models for the prediction of organics
solubility in mixed acid would be a surely useful tool in the heterogeneous phase reaction
modeling.

Further future investigations should be devoted to a better characterization of the reacting
system behavior under heterogeneous conditions in both batch and continuous reactors, also
under non-isothermal conditions, to identify the limitations due to the interphase mass
transfer. Preliminary investigations carried out in this regard, suggested that the adoption of
microreactors could significantly enhance interphase mass transfer and perform under quasi-
kinetic regime, which is rarely achieved in industrial-scale batch reactors.

Beyond the specific results obtained for the particular investigated chemical system, the
kinetic modeling under homogeneous conditions, its extension to heterogeneous systems and
the combination of the results for the process intensification in microreactors could represent
a future benchmark as a characterization protocol, particularly suitable for the managing of
hazardous reactions for pharmaceuticals and other low-throughput productions of highly

priced materials.
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