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ABSTRACT

Aromatic nitration by mixed acid (a mixture of concentrated nitric and sulfuric acids) is
one of the most widely used reactions in the organic chemical industries. Aromatic nitro
compounds find wide use in the manufacture of dyes and explosives. It is a heterogencous
liquid—liquid reaction which occurs almost-exclusively in the aqueous phase. The organic

compound diffuses into the aqueous mixed-acid phase and reacts with the nitronium ion

(NO}') generated by the reaction between concentrated sulfuric acid and nitric acid. In this

thesis, nitration of nitrobenzene using high-concentrations of sulfuric acid (i.e., between 14

kmol/m’ and 17.2 kmol/m’) was studied in a batch reactor at room temperature and at

moderately higher temperatures.

Nitration of nitrobenzene is a very slow reaction at room temperature when sulfuric acid
concentration is 14.9 kmol/m’ or below, due to the deactivating nitro group in the benzene
ring. But at high-concentrations of sulfuric acid (216.6 kmol/m?) and at high temperatures,
the reaction is fast enough to obtain high conversion and yield. The advantage of this reaction
is the absence of sulfonation reaction. The behavior of each aromatic nitration system is
unique in terms of the physicochemical properties of the heterogeneous organic—acid mixture,
Various physicochemical properties of the nitrobenzene, sulfuric acid and nitric acid system
were measured, which include solubility of nitrobenzene in the sulfuric and nitric acids, and
the density of the aqueous sulfuric acid phase equilibrated with nitrobenzene. We have
noticed unique interfacial phenomena that occur when nitrobenzene is brought in contact with
concentrated sulfuric acid. A dispersion of nitrobenzene droplets in sulfuric acid forms which
resembles a microemulsion. The dispersion is thermodynamically stable. It results in high

solubilization of nitrobenzene into sulfuric acid and generates large interfacial area exposed

for the nitration reaction.
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ABSTRACT

The mass transfer coefficient of nitrobenzene in aqueous sulfuric acid at different
concentrations of sulfuric acid was measured at 298 K and 313 K under flat-interface
condition employing the batch dynamic process. The change in the volume of the aqueous
phase, especially at the high-concentrations of sulfuric acid has been taken into account in the
determination of the mass transfer coefficient. The effect of stirring speed on mass transfer
coefficient was also investigated. At high-concentration of sulfuric acid, the mass transfer
coefficient increased significantly with increase in stirring speed. The kinetics of nitration
under homogenized conditions was studied at different sulfuric acid concentrations at 298 K,
313 K and 323 K. The reaction rate constants were determined at these temperatures. The

variation of rate constant with sulfuric acid concentration was explained by the A7. activity

coefficient function. The activation energies of the reactions were determined from the
Arrhenius plots. The regimes of the reactions were determined using the values of the mass

transfer coefficients and the reaction rate constants.

Two-phase nitration of nitrobenzene was carried out in the batch reactor, and the
concentration profiles of the reactants and the products in the reactor were determined. A
model was developed for simultaneous mass transfer and chemical reaction in the aqueous
phase. The yields of the three isomers of dinitrobenzene were determined. The variation of
isomer distribution with sulfuric acid concentration and temperature was analyzed. This work
demonstrates that more than 90% conversion of nitrobenzene can be achieved at high-

concentrations of sulfuric acid at moderate temperatures and at low speeds of stirring.
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CHAPTER 1

INTRODUCTION TO AROMATIC NITRATION

This chapter presents an introductory discussion on nitration in different organic
chemical processes. It describes the importance of nitration of aromatic compounds. It also

discusses the various features of different approaches by which the nitration process can be

carried out.

1.1 Introduction

Nitration is one of the oldest and probably the most widely used reactions in organic

process industry. Nitration is defined as the reaction between an organic compound and a

nitrating agent, generally nitric acid or its derivatives, to introduce one or more nitro

functional groups (—NO,) to an atom in the organic compound [1]. The nitro functional

group consists of a nitrogen atom joined to two oxygen atoms. From the resonating structure

of the nitro group as shown in the Figure 1.1, it can be observed that the nitrogen atom is

positively charged and each oxygen atom has a partial negative charge. Ior this reason, the
nitro group has a powerful attraction for electrons, and it is indeed an important electron-
withdrawing functional group. The nitro group, whether attached to an aliphatic or aromatic
carbon (or to an oxygen or a nitrogen atom), is the most widely studied functional groups.

With respect to the chemical structure of the compounds resulting from the nitration
process, three types of nitration reactions are distinguished as shown in Figure 1.2,

(i) C-nitration: 1n this nitration process, the nitro group is attached to a carbon atom and leads

TH-1860 Rahaman



INTRODUCTION TO AROMATIC NITRATION

{PTER 1

o _
4 °

— N+ < > N +
\o" \\O

Figure 1.1 Resonating structure of the nitro group.

—C—H + HNO3; —> —C—NO, + H0

| |
| |

— C—OH + HNO3; ——> — C—ONO; + H20
| |
N

AN
N—H + HNO; —>  N— NO; + Hz0
/ /

Figure 1.2 Various types of nitration in organic chemical processes.
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INTRODUCTION TO AROMATIC NITRATION CIHADPTER {

to the formation of nitro compounds.
(ii) O-nitration: In this nitration process, the nitro group is introduced to an oxygen atom and
an cster i1s formed during this kind of nitration process.
(iii) N-nitration: In this process, the nitro group is bonded to a nitrogen atom and leads to the
formation of nitramines.
The nitro functional group most frequently substitutes a hydrogen atom and water is produced
as a by-product of the reaction. However, in general, the nitro group may substitute any other
atom or groups of atoms. For example, in Victor Meyer reaction, which uses silver nitrite, the

nitro group replaces a halogen atom, c.g., I or Br [2].

1.2 History of aromatic nitration

Nitration has been an active arca of research in industrial chemistry for over a century.
Nitration of benzene was the first nitration process reported in the literature. In 1834, German
chemist Eilhardt Mitscherlich prepared nitrobenzene by reacting benzene with nitric acid [3].
Soon afterwards, Charles Mansficld (1845) augmented the nitration reaction by adding
sulfuric acid, and made large quantities of the nitro product. In this way, nitration with a
mixture of nitric and sulfuric acids (i.e., mived acid) became the most common method for the
nitration of aromatic compounds. It was first applied in an industrial scale in 1847 by
Mansficld [3]. It eventually turned out to be a gateway into the vast arca of aromatic
chemistry. Nitration of aliphatic compounds was reported in the later part of 19" century. The
Nitration of aliphatic hydrocarbons gained importance after the advent of the petrochemicals
industry in which nitroalkanes were primarily usced as solvents. The versatility of nitro
compounds in organic synthesis is largely due to their casy availability and transformation

Mto a varicty of compounds.
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INTRODUCTION TO AROMATIC NITRATION CHAPTER 1

1.3 Importance of aromatic nitration

Nitration of aromatic compounds is important mainly for two reasons: (i) it is the most
general process for the preparation of aromatic nitro compounds and has many significant
industrial applications. and (i) it has played an important role in the development of rescarch

activitics in the theoretical organic chemistry.

1.3.1 Industrial applications of nitro compounds

Nitration is an immensely important industrial process for synthesis of different nitro
compounds. There is a wide range of use of nitro compounds, both as intermediates and as
cnd products. The nitration processes of aromatic and aliphatic compounds are similar,
However, the former are industrially prevalent. A large number of basic organic intermediates
arce produced from the nitro compounds. The nitro aromatic compounds arc used as explosives
and act as key substrates for the preparation of useful materials such as dyes, drugs,
agrochemicals, polymers, solvents, perfumes and plastics. They are also used for the synthesis
of other industrially important chemicals such as amines, isocyanatcs and polynitro aromatic

compounds. Some of the industrially important nitration processes, the products of nitration

and their use are described below [4-7].

(i) Nitration of benzene and its derivatives

The mononitration of benzene gives nitrobenzene. The use of nitrobenzene as a

. . . . . . . . 0, - -~ o
processing solvent in chemical reactions is minor but important. Most (95 % or morce) ol

nitrobenzene manufactured is converted to aniline, which has hundreds of downstream
products. Further nitration of nitrobenzene produces dinitrobenzene isomers.  |.3-

dinitrobenzene has been uscd in the formulation of explosives, Tubricants, polymerization
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mhibitors and corrosion inhibitors. The other isomers find use in dye intermediates and in
various organic syntheses. Nitration of 1,3-dinitrobenzenc gives 1,3.5-trinitrobenzene.

Although trinitrobenzene has more explosive power than trinitrotoluene (TNT), it is much

more CXPCI]SiVC.

(ii) Nitration of toluene and its derivatives
All three isomeric mononitrotolucnes, 2,4-dinitrotoluene and 2.4,6-trinitrotoluenc (TNT)

are industrizllly important products obtained from the sequential nitration of toluenc.
Mononitrotoluene derivatives are used principally as colorant intermediates and some other
related products. Most of the 2,4-dinitrotoluene produced is hydrogenated for conversion to
toluene diisocyanate (TDI), which is a component of the monomer of polyurcthane. A much

smaller amount is used in explosives and for further nitration to TNT. which has use in the

making of explosives.

(iii) Nitration of xylene and its derivatives
All threc xylenes isomers (l.e., 1,2-dimethylbenzene, 1,3-dimethylbenzene and [.4-

dimethylbenzene) can be nitrated easily to produce mononitroxylenes. The nitroxylenes are
readily reduced to the corresponding aminoxylenes (xylidines), which find usc in the

production of riboflavin, agrochemicals, and used as colorant intermediates. Mixtures of

Xylidines can be used for some colorants.

(iv) Nitration of naphthalene and its derivatives

Under moderate conditions, naphthalene is nitrated to give I-nitronaphthalene and a

small amount of 2-nitronaphthalenc. [-nitronaphthalene is catalytically reduced to I-

naphthylamine, which is used as a deblooming agent [or petrolcum oils, and as a component
- L ] o

m the formulation of explosives to decrease the burning rate.
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(v) Nitration of halobenzenes and their derivatives
will produce three

a) Chloronitrobenzene: Successive nitration of chlorobenzene
1someric chloronttrobenzenes (i.c., 2-chloronitrobenzene. 3-chloronitrobenzene and 4-
chloronitrobenzence), and 2. 4-dmitrochlorobenzene, respectively. They are industrially

very important compounds. Dinitrochlorobenzenes have been used to produce sulfur

dyes. Other nitrochlorobenzenes f(ind their use in the synthesis of colorants. and act as

intermediates ol many significant chemicals.

b) Dichloro and polycliloronitrobenzenes: Both 1,2- and [.4-dichlorobenzene are

nitrated on a large scale to give important intermediates for colorants, agrochemicals
diazo compounds. Pentachloronitrobenzene is produced by the nitration of

and

pentachlorobenzene, which is used as a fungicide known as terrachlor. It has led to a

series of nitro-containing agrochemicals.

(vi) Nitration of aniline and its derivatives
The sequential nitration of aniline produces isomeric mononitroantlines (i.e., 2-
nitroaniline, 3-nitroaniline and 4-nitroaniline), and 2,4,6-trinitroaniline. These compounds are

industrially important as colorant intermediates. Nearly all the primary nitroanilines arc used

as diazo compounds in azo dyes and pigments, and as intermediates for vat or disperse dves.

(vii) Nitration of sulfonic acids and their derivatives
nitrobenzene,  nitrotolucnes.

Most  of the sulfonic acids derived from
chloronitrobenzenes and related products arc reduced to yield anilinesulfonic acids for usc in
the synthesis of water-soluble dyes or pigments. 3-nitrobenzenesulfonic acid is used primarily

as a mild oxidizing agent or as a precursor for colorant intermediates. Amination ol 2-chloro-

S-nitrobenzenesultonic acid gives 4-nitroaniline-2-sulfonic acid, which is used as a diaso
§)
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compound or reduced to the colorant intermediate. Some of the derived sulfonamides and
sulfones are important intermediates for colorants and fine chemicals.
(viii) Nitration of other aromatic compounds

Aromatic compounds such as ethylbenzene and cumcne can be readily nitrated.
Complete nitration of ethylbenzene gives 2,4-dinitroethylbenzene, which is a component of
the energetic plasticizer known as K-10 (which is a 2:1 mixture of 2 4-dinitrocthylbenzene
and 2.4,6-trinitrocthylbenzene). Nitro derivatives of cumene (i.e., Z-nitrocumene and 4-

nitrocumene) are very important chemicals. Their hydrogenation produces the corresponding

a5

cumidines. Cumidines are used as important intermediates for azo solvent dyes (i.c..
cumidine) and in the manufacture of herl.)icidCS such as isoproturon (i.c., 4-cumidine).
Compounds produced from the nitration of polyalkylbenzenes (c.g., mesitylene and durenc)
arc used as explosives and intermediates of colorants. Nitration of phenol gives 2-nitrophenol
which on catalytic hydrogenation produces 2-aminophenol. It is used as a photographic
developer and in larger amounts, as an intermediate for dyes and {ine chemicals. Other

nitrophenol isomers are used as important intermediates for {ine chemicals which have laige

industrial uses.

1.3.2 Development of research in theoretical organic chemistry
Aromatic nitration has played an important role in the progress of theorctical organic

chemistry [8.9]. Nitration can be carried out under various operating conditions. However, it

mvariably proceeds through the electrophilic species, the nitronium 1on (NOZ ) Aromatic

nitration has numerous advantages in terms of studying the reaction mechanism. Afier

mtroduction of a nitro group m the molecule, the system becomes deactivated. Thus. further
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nitration does not take place readily, and it can be stopped after the first step. Furthermore. the
products are generally easy to separate and analyze. With the establishiment of structural
organic chemistry, the first major landmark in its development was in the area of orientation
I aromatic substitution [10]. The nitration has played an important role in the establishment
of the clectrophilic substitution mechanism. The most extensive data were on nitration for the
cstablishment of the aromatic electrophilic substitution mechanism, and classification of the
orienting substituents as ortho-, para- or meta-directing. The electronic theory of organic
chemistry which describes the course of organic reactions in terms of movement of electrons
has (lcvclopcd mainly through the studies on aromatic nitration and related substituent cffects.
Other developments such as resonance theory, nature of inductive effect and developments in
molecular orbital theory relating to aromatic reactivity have extensively involved aromatic
nitration, Aromatic nitration has therefore played a scholastic role both in academic and

industrial research.

1.4 Reagents and methods of aromatic nitration

The nitration reactions can be carried out under a wide variety of conditions. Numerous
nitrating agents have been used for nitration, but not all of the methods are commonly used in
industry or even laboratory. The following nitrating agents are most frequently used for the

mtroduction of a nitro group to an aromatic compound.

1.4.1 Nitration in nitric acid

Nitric acid can be an effective nitrating agent [9-12]. Anhydrous HNO; undergoces
appreciable self-dehydration according to the following scheme.

2HNO; == NO; + NOj + 1,0 (h.h
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Aromatic hydrocarbons as well as their nitrated derivatives have appreciable solubility in

100% nitric acid and thus, the nitration in nitric acid proceeds homogeneously. Dilute nitric

acid is useful for nitrating reactive substances such as phenol, but the oxidizing propertics of
nitric acid can be disadvantageous. The major drawback of using 100% HNO; is that its
reactivity drops considerably as water is produced during nitration. The regeneration of spent
HNO; is also a matter of concern for using anhydrous nitric acid. In practice, nitroaromatics

are soluble in the concentrated nitric acid which makes them difficult to recover [10]. The
intercalation of nitric acid with graphite gives graphite nitrate [(CIQ_HNO3 )”] which is a

nitrating and oxidizing agent under heterogeneous conditions. Graphite nitrates are less stable
and nitration takes place at the surface of the compound. Alkylbenzenes, anisole and phenol

are nitrated in moderate yields giving products with usual isomer distribution [13,14].

1.4.2 Nitration in nitric acid with acid catalyst

Nitration of aromatic compounds with the mixture of nitric and sulfuric acids (i.c.. the

mived acid) is the most frequently used nitrating agent in the industrial practice [9.10].

Sulfuric acid facilitates the ionization of nitric acid to the nitronium ion by the following

cquilibrium.

HNO; +2H,80, === NOj +H;0" +2HS04 (1.2)

Sulfuric acid also binds the water formed in the rcaction. Solutions of nitric acid in sulfuric

acid of various concentrations gencrate a wide range of reactivity towards the aromatic

compounds. Sulfuric acid is also used in the making of solid acidic catalysts to nitrate

aromatic compounds with nitric acid [15-17].

Nitric acid in oleum produces the nitronium ion in the following manner [].

9
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HNO; + 21,5,07; ——= NO35 + HS,07 +2H,S0y (1.3)

It is an extremely active nitrating agent. However, its use is limited to the nitration of highly
deactivated aromatics since oleum can also cause sulfonation and oxidation of the reactive
aromatics.

Phosphoric acid is a weaker acid than H,SO4 and thus, a high concentration of
phosphoric acid solution is needed to carry out the nitration. The rate constants for the
nitration recactions are lower. High concentrations of HiPOy solutions are generally prepared
by adding P,Os to H:PO,. These are known as polyphosphoric acids (PPA). PPA is a syrupy
ViScous liquid, which does not form a homogeneous phase with HNO;. Use of phosphoric
acid in nitric acid solutions may be useful in some cases where a different isomer distribution
of products is necessary from that formed in sulfuric acid. The regioselectivity of the nitration
of toluene can be altered by using increasingly stronger H:POy. It results in decrcasing ortho
product over the para product as compared with HSO4 [18]. Recently. phosphoric acid has
been frequently used as a solid supported acidic catalyst [15-22]

Nitric acid and concentrated perchloric acid have played a significant role in the

development of knowledge on acid catalyzed nitration. A disadvantage of using perchloric

acid in concentration greater than 72% is the increasing risk of explosion [10]. The anhydrous

HNO;-FCIO, mixtures are also strong oxidizing agents for some organic compounds. But

. . . . . . . o 4 . 4 ; o) 7 1 /
they have never achicved wide use in nitration, and have limited use in industry [23.24]. An

extreme caution is needed for handling the mixtures of nitric and perchloric acids.
. . . . . . . 3 LT . ~ 1 +.
Nitric acid in anhydrous hydrogen fluoride ionizes to give nitrontum ion (NOZ ) [1O].

Benzene has been nitrated by HNOj in anhydrous HE with a yield of 83% nitrobenzene at

273 K [25]. But, nitrobenzene was not nitrated further at this condition. Olah ct al. [26] have
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mtroduced HNOs—anhydrous HF-BF; as an efficient and safe nitrating agent. HNO, gives

NO; with HEFF-BI'z mixture according to the following scheme.

HNO; + I+ 2Bl  —— NO3BE[ + BRH,0 (1.4)

. . 4 — I
Nitronium tetrafluoroborate (N02 Bl'4) can be removed as a stable salt and used as a
nitrating agent for the nitration of aromatics. BI's can be recadily regenerated from the hydrate

by distillation.
Mixture of nitric acid and boron trifluoride is also an active nitrating agent. The
combining property of B3 with water makes this nitrating agent very valuable. Thomas et al.

[27] first nitrated aromatics (including nitrobenzene) using HNO; and BFs. The reaction
proceeds as follow.

ArH + HNOj + BF;  ——— ArNO, + BF 11,0 (1.5)
At the completion of reaction, sufficient water is added to convert BI5.H,O to BI5.2H,0.
The latter is distilled out under vacuum as a hcavy, water-soluble white liquid. Boron
trifluoride may be recovered from the dehydrate in various ways. In the nitrating mixture. Bl

does not directly ionize in HNO;: it is BI3.H,O or BF;.2H,0 which protonates TINO; to

produce NOj ion, similar to other strong protic acids.

Trifluoroacetic acid gives a reactive nitrating mixture with HNO; for many aromatics
[28,29]. The acidity of nitric acid and trifluoroacetic acid are comparable. Tritluoroacetic acid
is a good solvent for many aromatic compounds as well. Due to its low boiling point (345 K),
It can be casily recovered from the nitration mixture. Despite these advantages. the

trifluoroacetate jon depresses the rate constant for nitration. It has rarely been used as a

nitrating medium due to these properties.
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Nitric acid in methanesulfonic acid is an active nitrating agent of limited use [24.30,31].
Aqueous methanesulfonic acid is weaker than sulfuric acid of the same concentration. When
nitric acid is used with methanesulfonic acid, the rate constant decreases with the increasing
concentration of nitric acid. The equilibrium between nitric acid and nitronium ion is favored
at the low concentration of the nitric acid [9]. But. it has the advantage as a nitrating medium
in which the aromatic compounds are generally well-soluble, and no sulfonation or oxidation
occurs as side reaction.

Trifluoromethanesulfonic acid (triflic acid) is one of the strongest known Bronsted
acids. The main advantage of CF3SO:H is that it docs not cause oxidation or sulfonation of
the aromatic compounds, and can be useful for polynitration of the deactivated aromatic
substrates. It is therefore an important strong acid for nitration with nitric acid. Coon ct al.
[32] found that two equivalents of CF3SOsl react with 100% HNO;: to give a white

crystalline solid, which is a mixture of nitronium trifluoromethanesulfonate and hydronium

trifluoromethancsulfonate.

2CFS05H + HNOy —— NO,;CHSO3 + H,0 " CFHSO3 (1.6)

T i ; : - + -\ . " - i
'he nitronium trifluoromethancsulfonate (N()2 CF3SO3) is a more powerful nitrating agent
than the mixed acid, and the rate of reaction can be extremely high [33]. Methylene chloride
or other halogenated hydrocarbons can be used as co-solvents. which also facilitate the
substrate solubility in nitration process.

Nitric acid in combination with fluorosulfuric acid (FSOsH) acts as an excellent

nitrating agent. Olah ct al. [34] found that a mixture of HINO; and TSO:H allows the

trinitration of benzene to 1.3.5-trinitrobenzene at a temperature of 308 K. Water formed i the

tonization of TINO; to N()z" ion reacts with FSO+H and thus, the nitrating systenm matntains

[2
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high acidity., HNO;-FSO:H is also very suitable for other deactivated aromatics.
Fluorosul furic acid can lead to side-reactions resulting in oxidation and sulfonation.

Lewis acid fluorides such as antimony, tantalum or niobium pentafluoride greatly
enhance the acidity of FSOsH. FSO:11-SbFs (known as magic acid) is one of the strongest
known superacids [10].

2FSO3H + 2Sbly == H,SO3F" + Sb,[}((SO3F)~ 7

SbFs stabilizes the fTuorosulfate which is the deprotonated form of fluorosulfuric acid.
Therefore, (e presence of SbFs shifts the equilibrium in equation (1.7) to the right. HQSOgl:—;,
is an ¢Xeeptionally strong acid and readily protonates in the presence of nitric acid. Thus, the
llitl‘iCﬂnagic acid combination is an extremely cffective nitrating agent for the polynitration of
aromatije compounds.

Nitration with HNOz in the presence of strong acids requires subsequent separation of
the speng acid and neutralization of the acid left in the product. Most of the problems can be
overcome fy using a solid acid catalyst. Wright ct al. [35] reported the use of polystyrene

resin with 9(o, HNO; as the nitrating agent for nitration of toluene. However, this method 1s

O Al T3 . ) 5 ‘ | ‘ | |
[ limiteq use because the catalyst degrades during the reaction due to the benzylic hydrogens

of Polystyrene that can be abstracted casily by the highly reactive species such as NOE
Present in the medium. Thus, the polymer readily undergoes oxidative degradation. In
ad(lilion, the polymer can also undergo nitration or sulfonation under the reaction conditions.
In view of these limitations of polystyrene resin, various solid acid catalysts have been uscd
Such as zeolifes [36-38], clay supported metal nitrates 39 and silica gel supported catalysts

115 4 jority of
7l The majority of these approaches have alleviated the problem oftincreased para
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sclectivity in the nitration of substituted aromatics. These methods, however, are acceptable

for the production of small quantities of chemicals and unsuitable for large scale manufacture.

1.4.3 Nitration using alkyl nitrates with acid catalyst
Nitration of aromatics can be carried out with alkyl nitrates (RONO, ). The alkyl
nitrates themselves do not act as nitrating agents. IHowever, they become nitrating agents in

the presence of acids. The alkyl nitrates are the alkyl esters of nitric acid. The catalyzing acids

are supposed to form NO; from the alkyl nitrates. Sulfuric acid was first used with the alkyl

nitrates and has been the most widely used protic acid [10].
RONO, + H,S0, —— NO;HSO; +ROH (1.8)
Alkyl nitrates have also been used with polyphosphoric acid [40]. The most frequently used

alkyl nitrates arc methyl nitrate and ethyl nitrate. Several Lewis acids arc used as effective

catalysts for nitration with alkyl nitrates. AICI; was first used with ethyl nitrate [9].

RONO, + AICl; ——> NO;AICI;0R™ (1.9)

The reactions proceed through the formation of a complex of the alkyl nitrate. Methyl nitrate
is a very effective nitrating agent in the presence of BF; as catalyst [41]. The other Lewis
acids such as SnCly, SbCls and FeCls can also be used with the alkyl nitrates to carry oul
nitration. Nafion-H was found active in catalyzing nitration with alkyl nitrates. Benzene and
alkylbenzenes are nitrated with excellent yields using n-butyl nitrate at around 353 K in the
presence of solid Nafion-H acid catalyst [42]. The reactions were found uselul as a sclective
and mild nitration method. Alkyl nitrates must be prepared and stored with care, becausce they
can become explosives in the presence of a trace amount of acid. Acetone cyanohydrin nitrate

was found to have enhanced reactivity compared to methyl nitrate in the preparation of many

14
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substituted nitro compounds [42,43]. It is more stable and can be stored for a longer period of

time.

1.4.4 Nitration using acyl nitrates
Acyl nitrates [RC(O)ONOZ] are the mixed anhydrides of nitric and carboxylic acids.
They are considered to be powerful nitrating agents.
ArH + RC(O)ONO, ——> ArNO, + RCOOH (1.10)
They can be extremely explosive at high temperature. Therefore, they must be handled with
great care. They are safely generated in situ. Acetyl nitrate (CH3COOI\J02) is the most-used
acyl nitrate. It can be readily prepared in pure state from dinitrogen pentaoxide (prepared by
distilling HNO- from P,Os) in acetic anhydride. Nitration with nitric acid in acetic anhydride
1s the most widely studied process [9,44,45]. Benzoyl nitrate also finds wide use in nitration
together with other aroyl nitrates [46]. It is prepared in a manner similar to acetyl nitrate from

benzoyl chloride and silver nitrate.

1.4.5 Nitration by nitryl halides with acid catalyst

The nitryl halides (i.e., nitryl chloride, fluoride and bromide) can nitrate aromatic
compounds. Nitryl chloride (NO,C1) acts as a chlorinating agent for aromatics giving minor
amounts of nitro compounds in polar solvents [10]. It becomes a more active nitrating agent
in presence of the Lewis acids [47,48]. Titanium tetrachloride has been found to be the most

satisfactory Lewis acid. AICl;, FeClsy, ZrCly and AlBry are also effective. but the reactions are

more difficult. Deactivated aromatics are nitrated with difficulty, and thus this method is of

limited use. Nitration with nitryl fluoride can be satisfactorily carried out at low temperatures
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in the presence of Lewis acid fluorides. The fluoride reagent is a more reactive nitrating agent
than the chloride, but it is more difficult to handle. The reactions need to be carried out at low
temperatures. Benzotrifluoride has been nitrated at 223 K with 90% vyield using BFs as

catalyst [47]. Nitryl bromide is quite unstable as compared to its chloride and fluoride

counterparts. Therefore, it has a very limited use.

1.4.6 Nitration by nitrogen oxides with acid catalyst

The oxides of nitrogen are important nitrating agents. Dinitrogen trioxide (N>Os). the
anhydride of nitrous acid, shows no nitrating ability towards aromatic compounds. But,
interesting nitration capabilities have been found when dinitrogen trioxide was used with
Lewis acids such as boron trifluoride (BI;). With BFs, it forms a complex which is a good
nitrosating agent, and a weak nitrating agent [49].

3N,O3 + 8BF; ——> 6(N0*”)(BF4‘) + B,04 (L11)

The complex is nitrosonium tetrafluoroborate, and the nitration proceeds via nitrosation
followed by oxidation [50]. Dinitrogen tetroxide (N,Oa) is also regarded as a nitrating agent in
the presence of strong acids. N>Oy is the mixed anhydride of nitric and nitrous acids. Sulfuric
acid has been commonly used with NyOy for nitration purpose. Several aromatic compounds
have been nitrated to give excellent conversion in the presence of this nitrating agent [10].
Nitration has also been carried out with the complexes from dinitrogen tetroxide and Lewis
acids such as BF; [42,50]. Dinitrogen pentoxide (P,0s) is also used to nitrate aromatic

compounds in carbon tetrachloride solution and several other organic solvents [10.51].

Nitration of aromatic compounds has been studied in the solution of N>Os in nitric acid as
well as in sulfuric acid [10]. Lewis acid (c.g., BF;)-catalyzed nitration of aromatic compounds
with N,Os has also been reported [52].

16
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1.4.7 Nitration with nitronium salts

Aromatic compounds can be efficiently nitrated by using many stable nitronium salts.
Nitronium salts are colorless, crystalline compounds and they are very hygroscopic. Some of
them are very unstable (e.g., nitronium perchlorate and sulfate), which undergo spontancous
decomposition. On the other hand, nitronium tetrafluoroborate and other complex fluoro-salts
are relatively more stable. Nitronium tetrafluoroborate was initially prepared by adding a
mixture of anhydrous hydrofluoric acid and boron ftrifluoride to a solution of dinitrogen
pentoxide. Nitric acid can be used in place of dinitrogen pentoxide as mentioned in Section
1.4.2. The byproduct of reaction (i.e.. HF and BF3) can be recycled, and thus the nitration can
be made catalytic. As no water is produced during the nitration, this process is advantagecous
where substrates contain functional groups that are sensitive to hydrolysis. Therefore,
aromatic arenes, haloarenes, haloalkanes, nitroarenes, esters and aromatic nitriles can be
nitrated in high yield without any difficulty [10,30]. Deactivated aromatic compounds necd
higher temperatures and longer reaction times. They are preferably nitrated in strongly acidic
solutions. The most serious limitation of the use of nitronium tetrafluoroborate is its low
solubility in many solvents. The most convenient solvent is sulfolane in which the

tetrafluoborate is soluble in about 7% [53]. Acetonitrile is also an appropriate solvent for

nitration with nitronium salts but the nitrile group strongly interacts with NO; and causcs
acetonitrile to slowly oligomerize even at room temperature. Therefore, therc is a significant
need for more soluble nitronium salts that are stable at the same time. Nitronium
hexafluorophosphate (‘NO;;PF(:) is much morc soluble in many organic solvents. [ts
solubility in nitromethane is more than 30%. Thus, it is recognized as a very usclul nitrating

agent for nitration [54]. It can be prepared by using 111" and PFs. The availability of PIs may
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be a limitation for using this nitronium salt. The nitronium salt formed in HNO;-CF;SO;H

system is known as rriflate, which is also a strong nitrating agent as described in Section

[.4.2.

1.5 Thesis outline

From the discussion in the previous sections on nitration of organic compounds,
especially the nitration of aromatic compounds, it is apparent that the nitration rcaction has
immense industrial significance and there is a huge scope of research work. The objective of
the research work presented in this thesis is to study the mass transfer and kinetic phenomena
involved in the nitration of nitrobenzene at high-concentrations of sulfuric acid. CHAPTER 1
presents a preliminary discussion on the history and importance of nitration of aromatic
compounds in organic chemical processes. It also described the various reagents and
approaches of aromatic nitration. CHAPTER 2 reviews the background, and the related work

for the nitration of aromatic compounds that has been carried out with mixed acid at various

concentrations of sulfuric acid. It also describes the importance of the nitration of

. . . . . N il ~ e - ’ ) N e
nitrobenzene at high-concentrations of sulfuric acid and the objectives of the present w ork.

CHAPTER 3 describes the measurement of important physicochcmical propertics of the

: . . . . . " il . - ~ aAS¢ - sfer
nitrobenzene, sulfuric acid and nitric acid system. CHAPTER 4 presents the mass tran fe
and kinetic aspects of nitration of nitrobenzene at high-concentrations ol sulfuric acid. In this

chapter, the theory of mass transfer in this liquid—liquid system has been presented and the

mass transfer coefficients have been determined at various temperatures with varying stirring
speeds. A novel method was employed to determine the rate constants under homogenized

conditions, and they were analyzed using the A, function. Using the values ol the mass

transfer coefficients and the rate constants, the reaction regimes were also deternined
18
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CHAPTER 5 presents the study of heterogencous two-phase nitration of nitrobenzene at
high-concentrations of sulfuric acid. A model was developed for simultaneous mass transfer
with chemical reaction in the aqueous phase using the values of the mass transfer coefficients
and the rate constants in Chapter 4. The proposed model was validated by carrying out
nitration reactions at high-concentrations sulfuric acid. This chapter also presents the
determination of yield of the products obtained in the nitration of nitrobenzene at various
sulfuric acid concentrations at different temperatures. In addition, this chapter reports the

distribution of isomers in the product. CHAPTER 6 presents a summary and conclusion, with

suggestions for future research.

19
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CHAPTER 2

BACKGROUND AND OBJECTIVES OF THE PRESENT
WORK

This chapter describes the background of the research work and subsequently presents a
detailed literature review on the nitration of aromatic compounds in the mixed acid.

Importance and objectives of the present work are also highlighted in this chapter.

2.1 Introduction

It has been mentioned in Chapter 1 that the nitration of aromatic compounds using a

mixture of nitric and sulfuric acids is an effective and most widely used technique. The mixed

acid has served as an excellent agent to study the nitration system and has produced different

types of products which have extensive use. It is cost effective as well. Thus, it has been used

for a long time in the nitration of aromatic compounds. A detailed literature survey on

aromatic nitration using mixed acid is presented in the following sections to understand the

phenomena taking place in the reaction media.

2.2 Background and related works

2.2.1 Physical properties of the nitric acid and sulfuric acid systems
The pure nitric acid is free of nitrogen dioxide, which is called white fuming nitric acid.

It is a colorless liquid with a density of 1520 kg/m3 at 298 K which solidifies at 231.4 K to

form white crystals and boils at 355.6 K [1]. When boiling in presence of light. even at room
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temperature, there is a partial decomposition with the formation of nitrogen dioxide as per the

following reaction.

4HNO; —> 4NO, + 2H,0 + O, 2.1)

Nitric acid is miscible with water and upon distillation, gives an azeotrope with a
concentration of 68.5% HNO5 and a normal boiling temperature of 395 K. It has a density of
1410 kg/m’. Nitric acid acts on organic compounds both as nitrating and as oxidizing agents.
The type of reaction depends upon the compound and the concentration of the nitric acid. As a
general rule, concentrated nitric acid acts mostly as a nitrating agent. When diluted, its

nitrating action diminishes, and finally gives way to an oxidizing action. The limiting
concentration of the nitric acid in a nitration process depends solely on the nitrated compound.

Some phenols, for example, can be nitrated with nitric acid in concentrations of below 5 9,

while benzene does not nitrate at this concentration [1].

Sulfuric acid, on the other hand, is not encountered naturally due to its great affinity

towards water. The 100% sulfuric acid is a clear, colorless, odorless oily liquid having g

melting point of 283 K and a boiling point of 563 K. It is sometimes called oil of vitrio].
Although nearly 100% sulfuric acid can be made, the 98% grade is more stable in storage.

When heated, the pure 100% acid loses sulfur trioxide gas, until an azeotrope, containing

about 98% H,SO, is formed at 610 K. The 98% grade is the usual form of what is describeq

as concentrated sulfuric acid. It is miscible with water im all proportions. The densities of

aqueous sulfuric acid solutions are well-documented in the literature [2]. The viscogi(y of

concentrated sulfuric acid has some interesting features which are shown in Figure 2.1 The

viscosity of sulfuric acid increases with sulfuric acid concentration up to 15.9 kimgl/p,® and

then decreases with increase in sulfuric acid concentration, passes through a minimymn, at 17 .5
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kmol/m’, and then increases at the high sulfuric acid concentration. The failure of the oxygen

atom of H1O" to engage in hydrogen bonding with HSOy results in the decrease in viscosity

observed i sulfuric acid. The viscosity maximum results from the hydrogen bonded network
devcloped with H_;O+ —~ SO, ion pairs [3].

Sulfuric acid is more acidic than nitric acid. The acidity of sulfuric acid changes by a
large extent from the low concentrations to the high concentrations. The measurement scale of
acidity in concentrated acids where pll is inappropriate was first realized by Hammett and
Deyrup [6]. They used an acidity function, Hy, which is known as the Hammett acidity
function. This function provides a measure of the tendency of the solution to transfer a proton
to an uncharged base molecule. It is derived from the ionization equilibria of a particular class

of indicators which behave as uncharged Bronsted-Lowry bases.

B+H" — BH" (2:2)
The Hammett acidity function is defined as,
Chpt
Hy=pK, +—log —BH_ (2.3)
BH CB

where pK is equal to —log KBH'* , and KBH* is defined as the dissociation constant of

BH"*

the conjugate acid BH" of base B. Cg and C are the concentrations of the base B and

BH*
the BH" ion, respectively. An increasing order of negative values of the function corresponds
to increasing acidity. The H acidity scale has turned out to be useful for the measurement of

strength of very weak uncharged bases, and also for the interpretation of the kinetics of

certain classes of acid-catalyzed reactions. The value of H for 100% sulfuric acid is =10.6 at

298 K. Afterwards, a different acidity function was proposed by Westheimer and Kharasch
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[7]. It has been further developed for sulfuric acid by several other investigators [8-11]. This
function was designed to provide an acidity scale for secondary bases (ROH) whose

jonization occurs according to the following relation.

ROH +H'" == R" + 1,0 (2.4)

where R is a carbonium ion. The new acidity function was defined as,

, Co
Jo =-pKpon —log| = (2.5)
Cron

where Kpop represents the equilibrium constant for the cquation (2.4). The usefulness of the
new acidity function was much greater than the Hammett acidity function. As a result, the J

acidity function found wide use in various acid catalyzed reactions. The original idea of
Hammett and Deyrup [6] has undergone modification since it has been shown that the
Hammett’s acidity function is generally not applicable to the protonation equilibria of all
bases [12—14].

In attempting to overcome some uncertainties in the Hammett’s method and to improve
the acidity function J further for determining the relative strengths of weak bases, Marziano
et al. [15] proposed a new approach using a different criterion of the analysis of acidity of
sulfuric acid. This is based on the observation that linear plots are formed between the

Jogarithms of the C /CB values for the protonation equilibrium [i.e., equation (2.2)] of
two overlapping indicators at the same acid concentration. This is valid for the entire acidity

. : e + + _
range. For indicator (X) whose protonation equilibrium, X +H —— XH , can be

measured up to a concentration of 2 kmol/m3, extrapolation to infinite dilution of a plot of the

following equation against acid concentration (Ca) leads to the thermodynamic pA -
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values.
(' ’ 7
log —+— Cx —log Cy =—log Kyp)y (2.6)

where Ky, is the cquilibrium constant which can be expressed as,

IOg Kupp = l + +bCA (27)

\Il

where b is constant. Thus. the plots of log K, versus Cp will be linear. The quantities

PK (it and b are determined from these plots. The ratio of the activity coefficients of the

following equation varics with C, according to the following equation when the acid

concentration is not too high.

VXV g+
“log| 2 2 ey, (2.8)
’xut

In equation (2.8), y represents the activity coefficients for the respective species.

For two bases A and B, whose protonation occur as per the following equations,

A+H —= AH" (2.9)
and B+H ' — BH" (2.10)
we have,
log KA app = “PK 1+ +0,Cp (2.11)
and log Klpp =—pKg+ +02CA (2.12)

The linear variation of the ratio of the activity coefficients with the acid concentration can be
expressed as,

FA

~10g, :blCA (2]3)

Y an
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/

YBY
and - |0g[_L

=bC, (2.14)

BH'
The following cquation can be derived for the same acid concentration [15].

ITVETE VAY+
U | =g log] = (2.15)

B N

log

where np is a constant which is equal to b, /[’l . This equation shows that the log of the ratio
of the activity cocfficients corresponding to cquilibrium (2.10) is the multiplie of that

corresponding to equilibrium (2.9). Hence. equations (2.11) and (2.12) can be expressed as,

. '}’ VATE. )
log Ky, = —pk v —log| ~>- (2.16)
All Voo
AH
, '7’137/ +
lOg [\'(,E)P = —p[{ g log IPTH (2 | 7)
BH

Substituting the value of log(yBy“_,_ /7’31—1“‘) from equation (2.15) into equation (2.17) we

get,
YAY i+
B - H
log Kapp = —pK ypp+ —nplog| ——— (2.18)
Y AH*

Substituting the value of log(yAyHJr/yAH,k) from equation (2.16) into equation (2.18) we

get,

A (2.19)

B ;
log Kapp =np (log [‘app + pKAHJr )— pKBH+
If base A is taken as the standard indicator whose parameters are known, then from the plot of
B ¢ - ~
log Kqpp versus log K ;fl\,p . the value of pK ppy+ can be calculated.
bases were studied at the higher acid

The protonation equilibria for weaker

concentrations. Let us consider two bases (c.g.. C and D) which undergo protonation at the
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same range of acid concentration. From the protonation experiments, it was observed that g

plot of log Ky, of base C versus log K of base D was linear [15]. This experimental

app
behavior for different series of basic indicators has been tested over the whole range of

D

. C ) ) o
app VCISUS log Kapp to pure solvent which can

acidity. By extrapolation of the plots of log K

be regarded as the standard state, the equilibrium constants of an indicator can be calculated
by equation (2.19). The stepwise method allows the estimation of the equilibrium constant for
4 series of indicators of decreasing strength. Moreover the extension of equation (2.15) to the
Whole acidity range for any two overlapping weak bases leads to the following relation which

Connects all the indicators.

log| 72T |2 Ljog 787 |1 fTey | L YDV
Yau+ ) B Ypu*t ) MBlic Yot ) MBACTD YD
1 yzV
=. .. log 285
ngHcip. . Jz }/ZH"”
~ 1 ol 22 (2.20)
A Yzt

Thig equation relates the ratio of the activity cocfficients of the weaker base Z to that of the

“landarg pase by the corresponding 1. Equation (2.20) allows the calculation of a new

0 . Y - .
unctlon’ M., for the whole range of acidity by use of a set of indicators chosen

IldeDend(—:ntly of the conditions formulated for the H, function. The M. function 1s defined

as

b

M, = —log| 241" (221

Y qnr

h
1 (. . o . BT R
thig method, it is only necessary to select the first indicator and its propertics should bg

(9
N

TH-1860 Rahaman

-



BACKGROUND AND OBJECTIVES OF THE PRESENT IWORK CHAPTER 2

known. Thus, based on the first indicator, the values of ng, e, Np,. .., ny for each base

can be calculated. Then the unknown value of pK . of base X can be calculated by the M

XH

function from the following equation.

(YC + }/K;V +
log C%“ :MPKXH* —log| —=-H_
Xt Yxn*
_ }/A}/114
= _I)KXI_IL _”X - '_:__p]<‘\<l_lF +”XA/[C (222)

N
This approach is independent of the limitations of the #, function (e.g., the structure of the
indicators) because the concentration of the acid is the only factor that affects the protonation
equilibrium. The dissociation constant obtained for each base is independent of the structure
of the indicators used.
The M, function has been determined by the following equation given the values of
PKX”+ , IOg[CX/CXHr] and ny for various indicators (say, X), and of log CH'*' of each

acid concentration [16].

VAY i+ 1 C
M =—log| —H_|=—|jog| =B +log Cypv +pKpy+
N "B BH*
| C
= lo C l+logC ., +pK
e | 108 Co 08 Ly TPyt
| C
..... =— | log| —£ +log Cppu + K 1+ (2.23)
”B"C‘ . JZZ VVZH,L

The M, function and the H, acidity function for aqueous sulfuric acid is shown 1

Figure 2.2.
The protonation equilibria of two weak bases in sulfuric acid have been extensively

studied and the following relationship between the activity coefficients of any /i and /
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Figure 2.2 Plots of M. and H, against the concentration of sulfuric acid at 298 K [0,15].
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indicators has been obtained [17].

YBilyy+ YBjYy
SO HT :ﬁ”ij ]Og j_][* (224)

7Bttt it

—log

Using equation (2.24), it is possible to define the A/ . function in a generalized form as.

"3 :_log(mv\_fj:_,,ﬁ log| 7HIN oa5)
YCi ;

where B represents the base, A represents the acid and C represents the conjugated acid. The
general validity of the above relationship has been tested using different weak bases involved

in protonation, ionization and rate processes. Experimental values of the A7. activity

cocfficient function in aqueous sulfuric acid have been used simultancously by a
computational procedure different from the stepwise method described above [I8]. The
computational method has several advantages. This method enables many sets of data to be
(reated simultancously. The concept of linearity of the activity coefficient ratio with the

concentration of acid was tested and found to be valid for all cases [19]. The A7, function
scale for sulfuric acid was calculated ensuring that the indicators have the same pA value
regardless of the medium. The values of A7, function for sulfuric acid at 298 K are shown in
Figure 2.3. The values of M. at higher temperatures were determined by the [:ollowing
equation given by Marziano ct al. [20]. The variation of A7, function with temperature is
given by,

Ar'/(.(T):/\/IC(QQS I()[2—29+0.3292J (2.20)
The applicability of A activity coefficient function was compared with the Hammett acidity

function 7/, and the J acidity function, and it was found that equilibria between VArTOuUS

(8]
9]
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Figure 2.3 Variation of the M. function with the concentration of sulfuric acid at 298 K [19].
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indicators and acid were compatible with the A . activity coefficient function [21, 22]. This
M . function has been used to analyze results in reaction kinetics. It has also been used to

investigate the mechanisms of a number of different reactions [14].

An interesting equilibrium was observed when nitric acid was treated with aqueous
sulfuric acid solutions. The ionic species, which are present in the solution, are described by
the following equilibria [23].

1'[NO3 — HY + NOj3 (2.27)

and HNO5 + H — NO; +H,0 (2.2%)
These equilibria have been extensively studied by different techniques such as, Raman, UV,
IR and NMR spectroscopy. These investigations have identified different molecular and ionic
species present in the solutions.  Deno et al. [24] examined the solutions of nitric acid in
sulfuric acid (0 — 18.5 kmol/m3) by Raman spectroscopy. They observed that equilibrium
(2.27) exists for 2.3 - 9.2 kmol/m” sulfuric acid, and nitric acid exists as molecular nitric acid

(or 10.3 — 14.6 kmol/m’ sulfuric acid. They also pointed out that the shift of equilibrium from

JIINO; to NO»z'r was complete by 16.7 kmol/m® H,SO4, and from 17.1 to 18.5 kmol/m” H,SO..
{he conversion to NO% was complete and remained constant. Marziano et al. [25] evaluated
the ionization ratio, CNO§ /CHNO3 of nitric acid in 14.1 — 17.9 kmol/m® sulfuric acid by
Raman and UV spectroscopy at 298 K. Ross et al. [26] have used N NMR studies ol the
JINO5 — NO; equilibrium to determine the fractional conversions of nitric acid. They also
obtained the rate constants for the formation and dehydration of the NO; ion. NMR spectra

~ - . y 3 . . ~ :
were recorded for HNO; in 14.1 — 18.4 kmol/m” aqueous sulfuric acid. The data obtained

from the NMR studics showed good agreement with the data reported by Raman and U\
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spectroscopy. Later, Sampoli [27] bstudied extensively the equilibria of nitric acid in sulfuric
acid (0 — 18.4 kmol/m") at 298 K by Raman and UV spectroscopy. The variations of
('“Noz/('NO_{ and CNO}' /CHNO?\ with sulfuric acid concentration were analyzed (o
cvaluate the corresponding dissociation constants. Their extensive experiments have shown
that nitric acid is dissociated to NO3 in sulfuric acid of concentrations up to 14.1 kmol/m’,
and at the higher concentrations of sulfuric acid, nitric acid is dissociated to NO}’ as reported

by Decno et al. [24]. These equilibria were studied widely and well supported by the other
works [28,29]. Marziano ct al. [20] also studied the protonation-dehydration equilibrium of
nitric acid [i.e., equilibrium (2.28)] in the range of 14.1 — 17.5 kmol/m” sulfuric acid as a

function of temperature. The variation of CNO" /CHNO3 ratios has been analyzed to evaluate
2

' issociation constants (pK. ., ., |. ionizati ati N ) at different
the disso (1 NO}) The ionization ratio, ('NO}' /CHNO3* at difle

concentrations of sulfuric acid has been summarized in Figure 2.4.

The acidity dependence of the HNO; —NOj3 —NO; cquilibrium in aqueous sulfuric
acid was described satisfactorily in terms of the M, function [22,27,30-32]. The good
description of the equilibria over a wide range of acidity strongly supports the 7. method.

The definition of M. function can be represented as [30,32],

M. =-n"log

C

[Product of activity coefficients of reactants (2.29)
Product of activity coefficients of products o

where 2" is a thermodynamic parameter which depends on a particular cquilibrium. Equation
(2.29) relates M. to the ratio of activity coefficients of all species involved. This suggests

that M. could describe the dissociation of the acid itself within the solution.
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2.2.2 Mass transfer aspects of aromatic nitration

Aromatic nitration by mixed acid involves a heterogeneous liquid-liquid reaction. The
rate of reaction depends upon the amount of aromatic compound transferred into the mixed
acid phase from the organic phase. Because the nitration is industrially carried out with a
large volume of sulfuric acid, the knowledge of solubility of aromatic compound in sulfuric
acid is important. The equilibrium solubility is required to determine the mass transfer
coefticient of the aromatic compound in sulfuric acid. Hammett and Chapman [33]
determined the solubility of some organic oxygen compounds in a wide range of
concentrations of sulfuric acid at 298 K. They found that most oxygen compounds were well-
soluble in the concentrated sulfuric acid. Nitrobenzene was found to have the highest
solubility in the concentrated sulfuric acid. They reported data on equilibrium solubility of
nitrobenzene in sulfuric acid of concentration between 0 and 13.9 kmol/m’. They found that
the value of equilibrium solubility of nitrobenzene was 255 mol/m® at 13.9 kmol/m’ sulfuric
acid. Later, Modak and Juvekar [34] studied the solubility of nitrobenzene at sulfuric acid
concentrations up to 15.6 kmol/m’. Their data compared well with the data of Hammett and
Chapman [33].

Active aromatic compounds undergo either spontancous sulfonation or they have very
low solubility in sulfuric acid. Benzene has very low solubility in aqueous sulfuric acid. and it
is converted to benzenesulfonic acid at the high-concentrations of sulfuric acid. However, in
presence of nitric acid, no sulfonation takes place until HNO; is exhausted. This is due (o the
fact that nitration is generally a much more rapid process than sulfonation. Toluene also
shows very low solubility in the sulfuric acid solutions. The solubility of toluene in aqueous
sulfuric acid has been reported by Cox and Strachan [35]. They studied the solubility at 11.0

kmol/m® sulfuric acid in the temperature range between 288 K and 308 K. The equilibrium
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solubility of toluene in 11.6 kmol/m® sulfuric acid at 298 K was 2.23 mol/m’. They have also
reported the solubility of toluene in the range of 9.8 to 13.8 kmol/m” sulfuric acid at 298 K
[30,37]. The measurement of solubility of toluene in concentrated sulfuric acid is difficult
because toluene gets sulfonated in the concentrated sulfuric acid medium [38]. Thus, the
solubility data are unavailable in the literature at the high-concentrations of sulfuric acid. The
solubility of chlorobenzene has been reported by Cox and Strachan [39]. They determined the
solubility at 11.6 km(')l/m3 sulfuric acid at the temperature from 283 K to 323 K. The
solubility of chlorobenzene at 298 K was found to be 4.4 mol/nr.

Chapman et al. [37] reported the value of mass transfer coefficient of toluene at sulfuric
acid concentrations between 13 kmol/m’ and 13.8 kmol/m®. They found the value of mass
transfer coefficient to be 1.03 x 10~ m/s at 298 K with a stirrer speed of 05 revolutions per
minute. They used the technique of Danckwerts [40] to determine the mass transfer
coefficient.

The following empirical correlation has been developed by Calderbank and Moo-Young
[41] to determine the mass transfer coefficient in agitated liquid—liquid systems.

/4

-2/3
k; =0.13 Lra {L] (2.30)
Va Pa Pa DAI‘H

where 1, p, and V, are the viscosity, density and volume of the continuous phase,
respectively, and Dy is the diffusivity of the aromatic compound into the continuous phase.

P is the power dissipated by the agitator which can be calculated by the following equation.

3
P= )O/Omi.\'N Di 2.3

where Py is the power number (which is a constant), p, .. is the density of the mixture, N 1s
b Pmix ¥

stirrer speed and 0; is the diameter of the impeller. Although equation (2.30) was developed
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for non-reactive agitated system, it has been widely used in the systems where mass transfer
with chemical reaction occurs simultaneously. This method has been extensively used in the
mixced acid nitration of aromatic compounds [42-46]. This correlation is useful for predicting
the value of k; when the aromatic substrate has very low solubility, or undergocs sulfonation
in the concentrated sulfuric acid medium. Using the correlation given by equation (2.30) and
the experimental data of Chapman et al. [37], the value of mass transfer coefficient of toluene
in sulfuric acid was found to be 1.1 x 107> m/s, which is in agreement with the value reported
in the literature.

Direct experimental values of mass transfer coefficient of nitrobenzene in sulfuric acid
solutions were measured by Modak and Juvekar [34]. They have measured the mass transfer
coefficient by batch dynamic experiments in a glass reactor under the flat interface condition.
Nitrobenzene was contacted with sulfuric acid of known concentration (in absence of any
nitric acid). The build-up of concentration of nitrobenzene in the acid phase was measured as
a function of time. The values of mass transfer coefficient were found to be 1.94 x 10~ and
2.1 x 107 m/s at the impeller speeds of 50 and 80 revolutions per minute, respectively. The
concentration of sulfuric acid was 14.5 kmol/m’. Since the organic phase is almost pure
nitrobenzene, the resistance to diffusion in that phase is practically absent. Hence, the
measured value of mass transfer coefficient corresponds to the mass transfer cocfficient in the

aqueous film.

2.2.3 Mechanism and Kinetics of aromatic nitration with mixed acid

In aromatic nitration, nitric acid may be used in a variety of media (see Section 1.3). It
may be used in pure form, in aqueous media or in other acids. The mechanisms of the reaction
in these different media have been studied extensively for a large number of aromatic

42

TH-1860 Rahaman



BACKGROUND AND OBJECTIVES OF THE PRESENT WORK CHAPTER 2

compounds. The widespread experimental evidence has led to the conclusion that the nitration

mechanism proceeds through the formation of the NO:{ ion, which acts as the clectrophile.
Ingold and Hughes [47-49] first demonstrated that the NOE ion attacks the aromatic

compound (ArH) to form an intermecdiate, ArHNO;. Their mechanism consists ol four

steps, which are outlined below.

HNO; + H,SO, == H,NO3 + HSOj (2.32)
H,NO} —= NO3 +H,0 (2.33)

ArH + NO; —— ArlINO, (2.34)
(2.35)

ArHNOj + HSO; —> ArNO, + H,S0,
The first two steps represent the acid-catalyzed transformation of nitric acid into the NO3

ion. The NO; ion then reacts with the aromatic ring to give the Wheland intermediate (which

is also known as o complex or arenium ion) [50-52]. Deprotonation of the Wheland
intermediate completes the reaction by regenerating the aromaticity of the molecule. The last

step also regenerates the acid catalyst. This classical interpretation is known as the /ngold-
Hughes mechanism of electrophilic aromatic nitration. As the linear NOEr ion does not
contain an empty bonding orbital, a gradual displacement of a n-clectron pair to the more
clectronegative oxygen atom takes place when the NO}” ion approaches the aromatic ring.
Thus, NO; is a polal.‘i_zable electrophile. Concurrent bending of the developing nitro group

allows eventual bonding with the aromatic ring. In strong sulfuric acid media, steps

represented by equations (2.32) and (2.33) are rapid and reversible, and quickly cstablish an
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equilibrium concentration of the NOZ ion. Furthermore, limited solubility of the aromatic

compound in the nitration medium and the presence of a sufficient quantity of water result in
the forward of step represented by equation (2.34) much slower than the reverse of the step
represented by equation (2.33). The Ingold mechanism readily accounts for the observed
substituent effects. Electron-donating substituents on the benzene nucleus increase its
reactivity and on the other hand, electron withdrawing substituents decrease it. These
observations are in agreement with the electrophilic nature of the reaction. Furthermore,
electron-donating groups generally direct the nitro group to the ortho and para positions in
relation to the substituent, since they increase the eclectron density at these positions.
Conversely, the electron-withdrawing groups lead to meta nitration due to the decrease in
electron density in the ortho and para positions, and relatively higher electron density at the
meta position. These explanations are based on electronic considerations of the aromatic
compounds.

Bunton and co-workers [53,54] investigated the rate of '*O exchange between HNO;
and '*0OH, for various concentrations of HNOs, and compared with the rates of nitration of a

number of aromatic substrates at these acidities. Bunton’s investigation has provided a strong
kinetic evidence for the involvement of the NO3 ion. This finding was significant since the
previous studies by Ingold on the kinetics of nitration were consistent with either protonated
HNO; (i.e., HzNO:;F ion), or the NO&L ion as the reactive specics. However, Ingold had
presented a strong argument in favor of the NO§r ion. A strong evidence for the involvement

of the NOJ ion was furnished by Westheimer and Kharasch [7]. 1t had been quantitatively

recognized in their work that nitration rate increases with increasing acidity. Their observation
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was consistent with both NOJ and H,NO3 ions as the possible nitrating agent. They carried

out the ionization of nitric acid in the concentrated sulfuric acid parallel with the ionization of
trinitrotriphenyl carbinol. The trinitrotriphenyl carbinol was chosen because it converts into a
colored carbonium ion, and it has the ability to ionize in the same manner as the nitric acid in
concentrated sulfuric acid to produce NO; ion. The ionization of nitric acid in the
concentrated sulfuric acid is given below.

HNOj; +2H,S0, == NO; + ;0" + 21SO} (2.30)
The increase of rate of nitration of nitrobenzene parallels the ionization of trinitrotriphenyl
carbinol in the same sulfuric acid medium. Thus, it was evident that the two processes
undergo the same type of ionization. Their study strongly suggests that NO3 ion is the active
nitrating agent.

The homogeneous nitration of aromatic compounds in dilute or concentrated sulfuric
acid has long been known to exhibit second-order kinetics. The rate determining step is
believed to be attack of the nitronium ion, NO;, on the aromatic compound. The ratc of
nitration is therefore given by [23],

¥
Rate = k?.CArHCNO; (2.37)

F
where k&, is the observed rate constant, and Carg and C

. are the concentrations of the
NO3} :

aromatic compound and nitronium ion in the acid phase, respectively. The direct

determination of CNO* is very difficult in the nitration medium. Thus, the rate expression in
2

terms of the concentrations of reacting compounds has been given by [23].

Rate =43 expCari Crino, (2.38)
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where k3 ¢, 1s the observed or experimentally-determined second-order rate constant. Ca .y
and Cyyno, are the concentrations of the aromatic compound and nitric acid in the aqueous

phase, respectively.

Results of experimental studies on nitration of benzene, toluene, o-xylene,
chlorobenzene, nitrobenzene and many other aromatic compounds are available in the
literature. Most of these works have performed kinetic studies at low concentrations of
sulfuric acid and with a small rcaction mass in a batch process. The major parameters which
influence the rate of nitration are the concentration of sulfuric acid, temperature of rcaction
and the speed of stirring. Lewis and Suen [55] investigated the mononitration of benzene to
find the effects of various independent variables. These variables were conmposition of
nitrating acid, composition of the ofganic phase, relative volume of the two liquid phases and
the degree of agitation. Out of these variables, they found that the composition ol nitrating
acid had the greatest influence on the rate of nitration. They employed continuous nitration
where the composition of acids and the organic phase remained constant. Later, Kobe and
Mills [56] reported an optimum condition for nitration of benzene to mononitrobenzene. They
obtained yield of nitrobenzene greater than 98% in just 40 minutes at 333 K with sulfuric
acid-benzene weight ratio of 1.2, The initial sulfuric acid concentration used in their work was
15.1 kmol/m* and an equimolar ratio of nitric acid and benzene was mnp]éycd. The effect of
changing process variables (such as composition of nitrating acid, composition of the organic
phase and the degree of agitation) on the yield was also studied. Kobe and co-workers studied
nitration of various aromatic compounds such as cumene [57], p-xylene [58], o-xylene [59]
and toluene [60,01]. These works were mainly focused on the effects of concentration of

sulfuric acid, stirring speed, and the distribution ratio of nitric acid in two phases on the rate
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of nitration to find an optimum condition to get high yield. Biggs and White [62] studied the
rate of nitration of benzene with mixed acid in a continuous-flow, stirred reaction system in
the temperature range 307 K to 327 K. They determined the reaction rate as a function of the
phase composition, temperature, agitation speed and the volume fraction of the acid phase.
Kinetic studies to determine the observed rate constant were carried out for nitrobenzene

and other aromatic compounds by Westheimer and Kharasch [7] at various temperatures. The
homogeneous nitration of nitrobenzene was performed at high-concentrations of sulfuric acid
(> 145 kmol/m3) at 278 K, 298 K and 313 K. They measured the rate of nitration
calorimetrically. A non-adiabatic calorimeter was used to measure the temperature rise as the
reaction proceeded. The value of rate constant was obtained by using the method of
Roseveare [63]. In this method, the rate constant and the final temperature rise are computed
from the data of an individual experiment for a second-order reaction. This method is useful
when the reactants are present in equal concentrations and the observations are made at equal
time intervals. Westheimer and Kharasch [7] found the rate of nitration of nitrobenzene
increased by a factor of about 3000 when the concentration of sulfuric acid was increased
from 14.1 kmol/m® to 16.6 kmol/m’. They also reported that the maximum rate of nitration
occurred at 16.6 kmol/m’ sulfuric acid concentration. Bonner et al. [64] extended this

experimental procedure to the nitration of nitrobenzene, 4-nitrochlorobenzene and

trimethylphenylammonium ion at 298 K. They have shown that the maximum value of
second-order rate constant occurred at 16.7 kmol/m® concentration of sulfuric acid.

Deno and Stein [65] have studied the rates of nitration of anisole, benzene,
chlorobenzene and other aromatic compounds. They conducted the experiments mnal cm

silica cell filled with sulfuric acid of the desired concentration. The progress of the reactions
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was followed spectroscopically, and a wide range of data on the pseudo second-order rate
constant was obtained for the respective aromatic compounds. Coombes et al. [66] carried ouf
the nitration of benzene, toluene, naphthalene and mesitylene at moderately higher sulfuric

acid concentrations (upto 14.0 kmol/m?). They determined the second-order rate constant

(/(2,cxp) using the stopped-flow technique at 298 K. Equal volumes of mixed acid and the

solution of the substrate in sulfuric acid were rapidly mixed. When the mixed solution was
stationary, the change of UV transmission at a chosen wavelength was recorded against time
on an oscilloscope. They also investigated the kinetics of nitration of the
monohalogenobenzenes in sulfuric acid and perchloric acid, and nitration of many di-poly-
halogenobenzenes in sulfuric acid [67].

Due to the limited solubility of aromatic compounds in sulfuric acid, acetic acid has
been used to enhance the solubility of the compound in sulfuric acid. The influence of acetic
acid on nitration was investigated by Marziano et al. [68]. They performed the kinetic study at
298 K with and without acetic acid under the same conditions and showed that addition of ca.
10~? kmol/m’ acetic acid increased the solubility of aromatic compounds appreciably. without
affecting the reaction rate.

It has long been noted that the rate of nitration of many organic compounds increases
with the acidity of the sulfuric acid in the mixed acid medium. It has also been observed that
some aromatic compounds show a maximum value of rate constant around 16.7 kmol/m*
sulfuric acid. A steep increase up to the maximum is sometimes observed in going from dilute
sulfuric acid solutions to 16.7 kmol/m® sulfuric acid. A slight decrease in rate constant is

observed in the range of 16.7 kmol/m’ to 18.3 kmol/m® sulfuric acid, although nitric acid is

4+ . . . . . :
completely converted to NO, ion in this concentration range. Different explanations have
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been expounded for the decrease in rate constant [7,23,52,64]. The decline in the rate constant
above 16.7 kmol/m? sulfuric acid concentration may be explained by considering the effect of
the medium. To gain insight into the problem, the variation of the rate constant with the

acidity of the medium was analyzed by using the A, activity coefficient function given by

Marziano and co-workers (see Section 2.2.1). According to the transition state theory

(Bronsted rate law), the rate of nitration can be expressed as [69],

YAH VNo3

i
Y

Rate = kéCArHCNO; (239)

where /) is a thermodynamic parameter that depends on temperature, 3.4y and YNot Aare
2

the activity coefficients of the aromatic substrate and nitronium ion, respectively, and }/# is

the activity coefficient of the transition-state intermediate. Since the NO3 ion and the
transition-state intermediate are both positively charged species, their activity coefficients are

likely to vary in the same manner. Therefore, the ratio of these coefficients is expected to be

constant. Thus, any dependence of the second-order rate constant on acidity beyond the point
where all of the nitric acid has been converted to NO>2F ion is primarily a consequence of (e

changes in the activity coefficient of the aromatic compound. Based on the rate expression
given by equation (2.39), a rate equation has been proposed by Marziano and co-authorsg

employing the M. function of sulfuric acid as [30,701],

ot ni .
Rate = k2CArHCNO+ 10 ¢ (240)
: _
where 1 is another thermodynamic parameter which is unique for cach aromatic compound.

Account to be taken of the actual concentration rather than the stoichiometric concentration

(i.e., 1:1) in the use of the A, function. Equation (2.40) has been tested for many aromatjc
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compounds such as nitrobenzene, methyl phenyl sulfone, benzene, toluene and many other
aromatic compounds in concentrated sulfuric acid, perchloric acid and trifluomethanesulfonic

acid [22,30,32,44]. The M, function has been very useful for determining the

thermodynamic rate constants.

So far, single phase homogeneous aromatic nitration has been extensively investigated
and reported in the literature. But nitration on an industrial scale is usually a two-phase
reaction with an organic phase and an aqueous phase present throughout the reaction. In the
heterogeneous system, the reaction occurs solely in the acid phase. The aromatic species
dissolves in the aqueous phase and reacts with the nitronium ions generated through the action
of sulfuric acid with nitric acid. Although nitric acid distributes to an appreciable extent in the
organic phase, the rate of nitration in the organic phase is negligible due to the fact that the
concentration of H" ions in the organic phase is too low for nitronium ions to be generated to
an appreciable extent [71].

Kinetics of heterogeneous two-phase nitration was first studied by Cox and Strachan
[39]. They investigated nitration of chlorobenzene in 11.6 kmol/m® sulfuric acid in a round-
bottom three-necked flask fitted with a paddle-type agitator. They proposed a simple kinetic
model where the rate of transfer of aromatic compound to the acid phase is exactly equal to
the rate of its removal by reaction. They have shown that with 11.6 kmol/m® sulfuric acid and
low-concentrations of nitric acid, the two phase nitration of chlorobenzene is kinctically
controlled. In these circumstances, the maximum kinetic rate was very much smaller than the
maximum mass transfer rate. Cox and co-workers [35-37] studied two-phase nitration of
toluene and showed that the nitration rates are very sensitive to the sulfuric acid

concentration. They performed kinetic studies of nitration in sulfuric acid concentration in the
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range of 11.6 kmol/p,? to 13.8 kmol/m’. They observed that at the lower concentrations of
sulfuric acid, the transijqp, from Kinetic to mass transfer control occurred, and at the higher
concentrations, the transition from slow to fast reaction was observed. Later, Hanson and co-
workers [72-74] demonstrated through the nitration of chlorobenzene, toluene and benzenc
that under heterogeneoyg conditions, diffusional resistance plays an important role in
dctermining the overall rate of nitration of aromatic hydrocarbons at the acid concentration of
industrial importance, eye, when a high degree of agitation was employed.

Zaldivar and co-workers [42,44,75,76] have carried out a series of studies where they
employed an extensive experimental programme using adiabatic and heat-flow calorimetry,
and pilot reactor, supporeq by chemical analysis. A series of nitration experiments were
carried out to study (e influences of different operating conditions such as temperature,
stirring speed, sulfuric acid concentration, feed rate, interfacial area and overall mass transfer
coefficient. Furthermore, (he effect of phase inversion on the overall reaction rate has been
studied. They developed a mathematical model to predict the overall conversion rate for the
validation of the kinetically—controlled regime for the mononitration of benzene, toluene and
chlorobenzene, and the masg transfer control regime as well. Quadros and co-workers [40,77]
have used the film and penetration theories to model the nitration of benzene. Their models
were compared with the experimental results showing good prediction in the intermediate
reaction regime.

Modak and Juvekar [34] have proposed an alternative mechanism for the hetcrogencous
aromatic nitration. As per their mechanism, nitration occurs at two locations: in the bulk acid
phase, and in the interfacial monolayer (i.e., a thin region a few molecular diameters thick

separating the bulk organic and acid phases). Therefore, the total rate of nitration can be
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expressed as,
Ry =Ry + R (2.41)

where Ry is the total rate of nitration, R, is the rate of bulk nitration and R; is the rate of

interfacial reaction. R, and R; can be written as,

Ry =kyl, /H\rllcilog (2.42)
Ri = kémd\“"‘c}l\]o; (2.43)

where &, and k5 are the second-order rate constants for the bulk and the interfacial reactions,
respectively. Cf‘\]ﬂ and C}\rH are the concentrations of the aromatic compound in the bulk

and at the interface, respectively. CI:]JO* and Cll\IO* are the concentrations of the nitronium
2 2

ion in the bulk and at the interface, respectively. V, is the volume of the acid phase and A s
the area of the interface. Their model was supported by the results of the experiments on
nitration of nitrobenzene conducted in a batch reactor with a low stirring speed. Relative
magnitude of the bulk and interfacial rates during the nitration of nitrobenzene was
determined with 14.0 kmol/m’ to 15.6 kmol/m’ concentrations of sulfuric acid at 300 K. The
effects of interfacial area, concentration of sulfuric and nitric acids, and addition of surfactant

and inert diluent in the organic phase on the rate of nitration were also studied.

2.3 Importance and objectives of the present work

From the preceding sections, it is evident that both experimental and theoretical studies
of aromatic nitration with mixed acid have great industrial significance. This is the present

industrial method practiced all over the world. It is a heterogeneous liquid-liquid reaction
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which occurs almost-exclusively in the aqueous phase. The organic compound diffuses into
the aqueous mixed-acid-phase and reacts with the nitronium ion generated by the reaction
between concentrated sulfuric acid and nitric acid. From the review of literatures, it has been
observed that at the low-concentrations of sulfuric acid (i.e., ~10 k|1101/1113), the reaction is
first-order with respect to both nitric acid and the organic compound (overall second-order).
The reaction procceds in the slow regime. When the sulfuric acid concentration is high, the
rate of reaction depends on the interfacial area and the mass transfer coefficient, and the
reaction proceeds in the fast regime. Some of the major parameters identified to be crucial in
this heterogencous reaction with respect to yield and selectivity are the concentration of
sulfuric acid, the temperature of reaction and the speed of stirring. The first two parameters
significantly affect the kinetics of the reaction. The rate of transfer of the organic compound
into the aqueous phase mainly depends on the concentration of the acid phase and the speed
of stirring. The latter parameter varies between 1,000 and 5,000 revolutions per minute in the
industrial reactors. High-speed stirring generates a dispersion of the organic phase into the
aqueous phase. The present work on the nitration of nitrobenzene using mixed acid was
undertaken to study the effects of aforementioned important parameters.

Despite the industrial importance of the product of nitration of nitrobenzene (sec Section
1.2.1), only a few investigations on the nitration of nitrobenzene have been reported. Being a
deactivated aromatic compound, nitration of nitrobenzene is slow and can be studied easily in
laboratory. So far, studies on various physical properties of the reaction system and the mass
transfer studies have been restricted up to 15.6 kmol/m® sulfuric acid concentration and at
room temperature. The reaction rate constants have been reported at the high-sulturic acid

concentrations at 298 K and 313 K in small cuvettes, and in a calorimeter. The vield of
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reaction and the distribution of the product isomers at different sulfuric acid concentrations

and at different temperatures under reactor conditions have not been determined so far. These

parameters arc csscntial for the rational design of the nitration process.

The present rescarch work has been undertaken to study the nitration of nitrobenzene in

reaction media constituted with concentrated sulfuric acid with the following objectives:

Determination of the physicochemical properties of the system such as the solubility
of nitrobenzene in sulfuric acid (and vice versa), density of the aqueous phase
equilibrated with nitrobenzene, and study of interfacial phenomena that occur when
the nitrobenzene is brought in contact with concentrated sulfuric acid

Determination of mass transfer coefficient at different concentrations of sulfuric acid
at different temperatures employing various stirring speeds

Studies of kinetics of the homogeneous nitration of nitrobenzene in a batch reactor,
which include the determination of rate constants at various sulfuric acid
concentrations, the effect of temperature on the rate constants, analysis of kinetic
results using the A . function, determination of activation energy of the reaction,
and determination of reaction regime using the mass transfer coefficients and the
rate constants

Investigation of two-phase nitration of nitrobenzene to determine the concentration
profiles of the reactants and the products in the reactor, and development of a model
for mass transfer with chemical reaction for the heterogeneous nitration system
Determination of yield of the dinitrobenzene isomers at different sulfuric acid
concentrations at different temperatures, and measurement of the distribution of

dinitrobenzene isomers in the product
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Notation

base

interfacial arca (m?)

constant defined in equation (2.7)
constant defined in equation (2.11)

constant defined in equation (2.12)

base
base

. . 3
concentration of acid (mol/m”)

. . . 3
concentration of aromatic compound (mol/m”)

. 2
concentration of B (mol/m")

. + .
concentration of BH" ion (mol/m?)

- : 3
concentration of C (mol/m”)

. + .
concentration of CH" ion (mol/m?)

. + . 3
concentration of H' ion (mol/m”)

concentration of HNO; (mol/m’)
concentration of NOEr ion (mol/m?)

. ~ - 3
concentration of NO3 ion (mol/m)
concentration of carbonium ion (mol/m*)

. 3
concentration of secondary base (mol/m’)

concentration of X (mol/m?)

. + . 3
concentration of XH ' ion (mol/m”)

. 3
concentration of Z (mol/m™)

. + . ) 3
concentration of ZH  ion (mol/m”)

concentration of aromatic compound in the aqueous phase (mol/m”)

N
N
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i
Carl

0
ChNO,

Cﬂ
NO,

i
NO;
D

Dy

kZ,exp

app

/(2

ké
AH
BH*

CH*

KNO}'
Kromn

XH*

. . 2
concentration of aromatic compound at the interface (mol/m®)

initial concentration of nitric acid (mol/m”)
. + 3
concentration of NO, in the aqueous phase (mol/m”)

concentration of NOj at the interface (mol/m?)

base

diffusivity of aromatic compound (m%s)

diameter of impeller (m)

Hammett acidity function

acidity function defined in equation (2.5)

second-order rate constant for bulk nitration (m3 mol™ S“l)
observed second-order rate constant (m” mol™'s™")
apparent dissociation constant

thermodynamic parameter defined in equation (2.39)

observed second-order rate constant with respect to actual nitrating

+ 3 -1 -
agent, NO, (m’ mol™'s™)
. L 2 1 -1
second-order rate constant for interface nitration (m“mol s )
. 4 " + .
dissociation constant of AH" ion

. .o + .
dissociation constant of BH" ion

3 N s + .
dissociation constant of CH™ ion

mass transfer coefficient (m/s)

equilibrium constant of the NO, ion formation equilibrium
equilibrium constant of dissociation of secondary base, ROH

. . . + .
dissociation constant of XH" ion
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Kz”"' dissociation constant of ZH" ion

Ka/;)p apparent dissociation constant of base, A

/\’ZE,P apparent dissociation constant of base, B

K.L,L;)p apparent dissociation constant of base, C

K;]),p apparcent dissociation constant of base, D

M, activity coefficient function

17 thermodynamic parameter defined in equation (2.40)
N stirring speed (rad/s)

n' thermodynamic parameter defined in equation (2.29)
njj constant defined in equation (2.24)

np constant defined in equation (2.15)

ne constant defined in equation (2.20)

np constant defined in equation (2.20)

nx constant defined in equation (2.22)

ny constant defined in equation (2.20)

1 constant defined in equation (2.20)

P power dissipated by the agitator (W)

£y power number

ROH secondary base

Rate rate of nitration (mol m™ s™)
R, rate of bulk nitration (mol/s)
R, rate of interfacial nitration (mol/s)
RN total rate of nitration (mol/s)
Va volume of aqueous phase (m?)
X indicator
Z indicator
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Greek letters

YA activity coefficient of base, A

NS activity coefficient of AH" ion

Y AP activity coelficient of base, A, with respect to indicator, i
Y Aj activity coefficient of base, A, with respect to indicator, j
VY Arl activity coefficient of aromatic compound

B activity coefficient of base, B

VB activity coefficient of BH" ion

VBi activity coefficient of base, B, with respect to indicator, i
YBi* activity coefficient of B/H" ion

VB/ activity coefficient of base, B, with respect to indicator, j
Vi activity coefficient of Bf/H" ion

yc activity coefficient of base, C

Yen*  activity coefficient of CHY ion

YCi activity coefficient of base, C, with respect to indicator, i
e activity coefficient of base, C, with respect to indicator, j
YD activity coefficient of base, D

Ypu* activity coefficient of DH" ion

e activity coefficient of H* ion
yNOZ activity coefficient of nitronium ion
VX activity coefficient of indicator, X

Yxu+ activity coefficient of XH™ ion

V7 activity coefficient of base, Z

Yzu+ activity coefficient of ZH" ion

}/# activity coefficient of transition-state intermediate
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Ly viscosity of aqueous phase (Pa s)
Pa density of aqueous phase (kg/m”)

. ~ . . 3
Pusix density of reacting mixture (kg/m”)
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CHAPTER 3

PHYSICOCHEMICAL PROPERTIES OF
NITROBENZENE, SULFURIC ACID AND NITRIC
ACID SYSTEM AND THEIR ROLE IN NITRATION OF
NITROBENZENE

This chapter describes the measurement of some important physicochemicql pProperties
of nitrobenzene and the aqueous sulfuric acid solutions of high concentrations. The
physicochemical properties include: solubility of nitrobenzene in sulfuric acid (and vice
versa), solubility of nitrobenzene in nitric acid (and vice versa), density of the aqueous phase
equilibrated with nitrobenzene, and interfacial tension between nitrobenzene anq sulfuric
acid. The droplet size distribution of nitrobenzene in the sulfuric acid was also determined.
Another important aspect studied is the possibility of formation of any sulfonic acid derivative

of nitrobenzene in the aqueous phase.

3.1 Introduction

The rational design and operation of the batch reactor for the heterogeneous reaction
between nitrobenzene and mixed acid using high-concentrations of sulfuric acjq requires
detailed knowledge of the mass transfer phenomena as well as the kinetics of the Ieaction. Ap
accurate interpretation of the mass transfer and the kinetic data requires the knowledge of the
various physical properties of the nitrobenzene, sulfuric acid and nitric acig system, The

solubility of nitrobenzene in sulfuric acid is the most important property required tq determi
TMine

the mass transfer coefficient of nitrobenzene in sulfuric acid. The solubility 01’“11it1<Q[)enze ,
ne in
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nitric acid and vice versa is also an important physical property. Although the amount of nitric
acid is much smaller than sulfuric acid in the reaction medium, this information provides an
idea about how much effect the nitric acid in the reaction medium can have on the transfer of
nitrobenzene in the aqueous phase. The other properties such as the density of the aqueous
phase are useful in the verification of the mathematical model for the heterogeneous reaction.
The interfacial tension between nitrobenzene and sulfuric acid gives a good indication of the
interaction between nitrobenzene and sulfuric acid. The formation of stable droplets of
nitrobenzene in concentrated sulfuric acid increases the interfacial area. It not only provides a
driving force for the solubilization of nitrobenzene into sulfuric acid, but also has direct effect
on the enhancement of the reaction rate. The occurrence of dispersion of nitrobenzene in the
aqueous phase is a rare phenomenon, which in many ways, is similar to the microemulsions.
However, this dispersion forms in absence of any surface-active agent. The data on the
physicochemical properties obtained in the present work are likely to provide a very useful
database for process design and research work in the nitration of nitrobenzene at high-

concentrations of sulfuric acid.

3.2 Experimental

3.2.1 Materials 1
s . l/ k
Nitrobenzene (99% purity), sulfuric acid (18.3 kmol/m*) and nitric acid (15.5 kmol/m’)

were procured from Merck (India). Standard organic sample 3-nitrobenzenesulfonic acid
(sodium salt, 98% purity) was procured from Alfa Aesar (India). Pellets of sodium hydroxide
(98% purity) and oxalic acid dihydrate (99% purity) were obtained from Merck (India).
HPLC-grade methanol, water, acetonitrile and ethyl acetate were procured from Merck

(India). Deuterated chloroform (CDCls) used for NMR spectroscopy was obtained from
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Sigma Aldrich (USA). Sulfuric acid solutions of lower concentrations were prepared by
diluting the concentrated acid (18.3 kmol/m®) with water. The water used in this study was

purified from a Millipore® water purification system. Its conductivity and surface tension

were 1x1077Q7 em™ and 72 mN/m (at 298 K), respectively.

3.2.2 Apparatus and procedure

3.2.2.1 Measurement of mutual solubility of nitrobenzene in sulfuric and nitric acids

For determining the equilibrium solubility of nitrobenzene in the sulfuric and nitric
acids, a heterogeneous mixture of nitrobenzene and acid was prepared by adding an excess
amount of nitrobenzene to the acid solutions. The amount of nitrobenzene in the mixture was
approximately twice its amount that could be dissolved in the acids under equilibrium
conditions. The mixture was stirred for 4—5 hours using a magnetic stirrer in a sealed glass
vessel placed inside a water bath. The temperature of the bath was maintained within £0.2 K
using a thermostatic water circulator (make of the instrument: Jeio Tech, model: RW 2025G).
The equilibrated mixture was allowed to separate into two phases for one day inside the bath.
Samples from the aqueous phase were collected by inserting a pipette through the organic
phase. About one gram of sample from the aqueous phase was collected, dissolved in
methanol and then analyzed. The amount of nitrobenzene present in the sample was
determined by UV-Visible spectrophotometry (make of the spectrophotometer: Perkin-Elmer,
model: Lambda 35). A sample curve of absorbance versus wavelength in UV-Visible

spectrophotometer is shown in Figure 3.1. It is seen from the spectrum that the maximum

absorption of nitrobenzene in methanol occurs at 260 nm (/lmax) :
Solutions of pure nitrobenzene at various concentrations were prepared in methanol and
their absorption were measured at 260 nm for calibration purpose. The resulting calibration
68
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1.2

Absorbance

/ Amax = 260 nm
0 ‘

220 240 260 280 300
Wavelength (nm)

Figure 3.1 UV-Visible spectrum of nitrobenzene.
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plot is shown in Figure 3.2. An excellent linear plot was observed in the concentration range
of 0 to 35 mg/dm’. This plot was used to determine the equilibrium solubility of nitrobenzene
in the acids. This technique was very efficient because the average absolute deviation (AAD),

as defined below. in calculating the concentration of nitrobenzene from the calibration chart

was within +2%.

Ci —C
Absolute deviation = (M] x 100 (3.1)

where C ¢ is the observed concentration of nitrobenzene from the calibration plot and Cye
is the true concentration of nitrobenzene.

Samples from the organic phase were collected and dissolved in water so that the acid
was easily transferred into the aqueous phase. The amount of acid dissolved in the sample was
determined by acid-base titration using aqueous NaOH, which was standardized with a
standard oxalic acid solution in water.

The range of acid concentrations for sulfuric acid was 14 kmol/m’ to 17.5 kmol/m’, and
the same for nitric acid was from zero to 15.5 kmol/m’. The experiments were carried out at
two temperatures, viz. 298 K and 313 K. All these experiments were repeated thrice to check
the reproducibility. The results were found to be highly reproducible. A typical calculation of

solubility of nitrobenzene in the sulfuric acid (and vice versa) is shown in Section A.l of

Appendix A.

3.2.2.2 Investigation of the formation of sulfonic acid derivative of nitrobenzene

When nitrobenzene was treated with aqueous sulfuric acid (in the absence of any nitric
acid), the possibility of formation of the sulfonic acid derivative of nitrobenzene was

investigated. The aqueous and organic phases in the equilibrated mixture of nitrobenzene and
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Figure 3.2 Calibration curve for nitrobenzene in the UV-Visible spectrophotometer.
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sulfuric acid were analyzed in HPLC (make of the instrument: Perkin-Elmer, model: Series
200, column: Hibar-Purospher-STAR RP-18 (Merck), detector: UV, A =254 nm). The mobile
phase constituted of acetonitrile and water in 4:1 volumetric ratio.

The possibility of formation of 3-nitrobenzenesulfonic acid was also investigated with
NMR spectroscopy. The organic compounds present in the equilibrated aqueous sulfuric acid
phase were extracted with ethyl acetate. The ethyl acetate was evaporated in vacuo in a rotary
evaporator. Sample collected from the residue was dissolved in CDCl; and its "H NMR was

measured at 400 MHz (make of the instrument: Varian, model: Mercury Plus 400).

3.2.2.3 Measurement of density of the sulfuric acid solutions equilibrated with
nitrobenzene

The density of the aqueous phase equilibrated with nitrobenzene was determined by
gravimetric method. The equilibrated mixture of nitrobenzene and sulfuric acid was prepared
at various sulfuric acid concentrations as stated in the Section 3.2.2.1 and allowed to separate
into two phases. One em® sample was collected from the bottom of the aqueous phase and its
mass was determined using an electronic analytical balance (make of the instrument: A & D.

model: GR-300). All these measurements were repeated thrice to check the reproducibility.

3.2.2.4 Mecasurement of interfacial tension between nitrobenzene and sulfuric acid

The interfacial tension between the aqueous sulfuric acid and nitrobenzene phases was
measured by a digital tensiometer (make of the instrument: Kriiss, model: K9). The du Noty
ring method was used to measure the interfacial tension. As described in the Section 3.2.2.1,
the equilibrated mixture of nitrobenzene and sulfuric acid was prepared for various sulfuric
acid concentrations and allowed to separate into two phases for one day at the room

temperature. The two phases were isolated from the equilibrated mixture and collected
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separately. At first. the heavier aqueous phase was placed in the sample vessel of the
tensiometer and the platinum-iridium ring was dipped inside it. Then the lighter organic phase
was poured very carefully on top of the aqueous phase. The system was allowed to stabilize

for one hour. The ring was pulled at a very slow speed (~200 pn/s) until it pierced through

the aqueous—organic interface. The interfacial tension was measured for the system at 298 K.

3.2.2.5 Determination of droplet size distribution of nitrobenzene in sulfuric acid

The droplet size distribution of nitrobenzene in the sulfuric acid phase was measured by
dynamic light scattering (make of the instrument: Horiba, model: LB-550). The equilibrated
mixture of nitrobenzene and sulfuric acid was prepared at various sulfuric acid concentrations
as mentioned before and allowed to separate into two phases. The aqueous phase from the
bottom was collected and put in the size analyzer for measurement of distribution of particle
diameter in the aqueous phase. The droplet size distribution of nitrobenzene in the aqueous

sulfuric acid phase was measured at 298 K.

3.3 Results and discussion

The aromatic nitration reaction takes place mainly in the aqueous phase [1]. Therefore,
the rate of reaction depends on the amount of nitrobenzene present in the aqueous phase.
Thus, it is important to study the equilibrium solubility of nitrobenzene in the aciq phase,
which is required for the determination of mass transfer coefficient of nitrobenzene into the
sulfuric acid. The data on equilibrium solubility of nitrobenzene in sulfuric acid and vice
versa at 298 K and 313 K are shown in Figure 3.3. Solubility of nitrobenzene was found to
depend strongly on the concentration of sulfuric acid. As the concentration of acid wag

increased, the solubility increased tremendously. A sharp mcrease i solubility wqq observed
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Figure 3.3 Variation of solubility of nitrobenzene in sulfuric acid (and vice versa) with the

concentration of sulfuric acid at different temperatures.
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around 16.5 kmol/m’ concentration of the sulfuric acid at both the temperatures. The
solubility of sulfuric acid in the nitrobenzene phase also increased in a similar manner. which
is depicted in Figure 3.3. The data on equilibrium solubility of nitrobenzene in the sulfuric
acid by Modak and Juvekar [2] are also shown in Figure 3.3 for comparison.

The solubility of nitrobenzene in nitric acid also depends strongly upon the
concentration of nitric acid at 298 K (Figure 3.4). It is seen from the figure that a significant
increase in solubility occurred after 9 kmol/m” nitric acid concentration. The solubility of
nitric acid in nitrobenzene also increased as scen from this figure. It is observed from the
figure that the solubility of nitrobenzene in nitric acid was much less as compared to the
solubility of nitric acid in the organic phase at the same nitric acid concentration.

To understand the phenomena behind this significant increase in solubility of
nitrobenzene in sulfuric acid, the aqueous phase was analyzed by dynamic light scattering.
These experiments showed that a fine dispersion of the nitrobenzene droplets was developed
in the aqueous phase at 298 K, which resembled microemulsion. The droplet size distributions
are shown in Figure 3.5. These distributions were obtained after equilibrating the aqueous and
organic phases for one day. It is likely that this dispersion is thermodynamically stable similar
to the standard surfactant-stabilized microemulsions [3]. The droplet size distributions were of
unimodal and bimodal types as shown in Figure 3.5. As the concentration of sulfuric acid was
increased, the size of the droplets reduced. At 14.9 kmol/m® concentration of sulfuric acid, a
large fraction of the droplets had a diameter of a few hundred nanometers, whereas at 17.1
kmol/m’ concentration, the droplets were very small (<10 nm). This reduction in size
occurred due to the decrease in the interfacial tension between nitrobenzene and sulfuric acid.

The variation of interfacial tension with increase in the concentration of sulfuric acid is shown
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Figure 3.4 Variation of solubility of nitrobenzene in nitric acid (and vice versa) with the

concentration of nitric acid at 298 K.
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Figure 3.5 Droplet size distribution of nitrobenzene at different concentrations of sulfuric

acid at 298 K. f/(NV) represents the number fraction of the nitrobenzene droplets

having size within a small droplet-size interval.
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in Figure 3.6. The interfacial tension, however, did not reach the near-zero values usually
observed in the surfactant-stabilized microemulsions. The minimum of the interfacial tension
curve was attained when the acid concentration was 17.2 kmol/m’. The size of the droplets
increased with time due to the coalescence between the droplets. In the bimodal distributions
shown in Figure 3.5, the larger droplets (50-100 nm) were formed by the coalescence of the
smaller droplets. The nitrobenzene molecules, however, were chemically free to participate in
the nitration reaction, as we will discuss later. The size of the droplets and the number of
droplets (which depends on the amount of the organic compound dissolved in the aqueous
phase) present in the aqueous phase determine the total interfacial area. It is likely that a
hydrogen-bonded network developed between the sulfuric acid and nitrobenzene molecules,
which stabilized the microemulsion for days and even weeks. The rupture of these hydrogen
bonds at the higher temperature (i.e., at 313 K) is believed to be the reason behind the
decrease in equilibrium solubility of nitrobenzene in the sulfuric acid (Figure 3.3). The
experiments on solubility at temperatures higher than 313 K were not carried out due to the
sulfonation of nitrobenzene. The solubility of sulfuric acid in the organic phase increased with
the concentration of sulfuric acid. However, the effect of temperature on the solubility of
sulfuric acid in the organic phase was small.

The data on the density of the aqueous sulfuric acid phase equilibrated Wik
nitrobenzene are shown in Figure 3.7. The data on density of aqueous sulfuric acid reported in
the literature [4] arc also shown in this figure. It is seen from the figure that the density
decreased with increase in sulfuric acid concentration. The increase in the solubility of
nitrobenzene (which increases the amount of nitrobenzene into the sulfuric acid) reduces the

density of the aqueous phase.

78

TH-1860_Rahaman



PHYSICOCHEMICAL PROPERTIES OF SYSTEM

CHAPTER 3

(\O)

-]

Interfacial tension (mN/m)
)

13.5

14.5 15.5 16.5

Concentration of sulfuric acid (kmol/m3)

17.5

Figure 3.6 Variation of interfacial tension of the nitrobenzene—sulfuric acid system with the

TH-1860_Rahaman

concentration of sulfuric acid at 298 K.

79



PHYSICOCHEMICAL PROPERTIES OF SYSTEM CHAPTER 3

2

T 1.8

—

e

>
“_ 1.6

£

S~

on

=

= 1.4

= . : :

Z Density of sulfuric acid at 298 K [4]

5 12 ® Density of equilibrated aqueous phase at 298 K

. - - - Density of sulfuric acid at 313 K [4]
A Decnsity of equilibrated aqueous phase at 313 K
1 ‘ _ : ‘ ‘
14 14.5 15 15.5 16 16.5 17 17.5
. ) : 3
Concentration of suluric acid (kmol/m”)
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concentration of sulfuric acid.
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To check whether any significant sulfonation took place in the concentrated sulfuric acid
medium in the temperature range of 298 K — 323 K, the organic and aqueous phases were
analyzed by high performance liquid chromatography (HPLC) as described in Section 3.2.2.2.
There was no peak of 3-nitrobenzenesulfonic acid in the chromatogram at 298 K and 313 K.
But, it was obscrved that a significant amount of 3-nitrobenzenesulfonic acid was formed at
323 K. To confirm that no sulfonic acid forms in the range of 298 K to 313 K, the aqueous
phases at these temperatures were further analyzed by 'H-NMR spectroscopy. The NMR
spectrum is shown in Figure 3.8 (a). The extended spectrum is shown in Figure 3.8 (b). The
'H-NMR spectrum exhibited the signals at & = 7.53 (¢, J = 7.2 Hz, 2H, ArH), 7.68 (1, J = 7.2
Hz, 1H, ArH), 8.21 (d, J = 7.6 Hz, 21, ArH), where & is the chemical shift signal position for
'H-NMR and J is the internuclear coupling constant. The values of 6 obtained from the NMR
study were similar to the values obtained for aromatic protons, and these signals are quite
similar to the spectrum of nitrobenzene reported in the literature [5]. There was no additional
peak (or signal) for 3-nitrobenzenesulfonic acid in the NMR spectrum. Thus, it is confirmed
from the HPLC and NMR analyses that no sulfonation took place at 298 K and 313 K. This is
expected since it is well-known that sulfonation of nitrobenzene proceeds extreme slowly due
to the presence of the deactivating nitro group in the benzene ring. At these concentrations of
sulfuric acid, however, sulfonation is significant in more active aromatic compounds, such as

toluene or benzene even at 298 K.
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Figure 3.8 (a) 'H-NMR spectrum of the organic compound present in the aqueous phase.
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Notation

ArH  aromatic compound

Cyps  Observed concentration of nitrobenzene (mg/dm”)

true concentration of nitrobenzene (mg/dm?)

Clrue

d doublet (NMR signal multiplicity)
H hydrogen atom

o internuclear coupling constant (Hz)
t triplet (NMR signal multiplicity)

Greek letters

%) chemical shift of "H NMR (Hz/MHz)

A wavelength of detection in HPLC (nm)

Amax ~ Wavelength at which the maximum absorption occur (nm)
Abbreviation |

NB nitrobenzene
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CHAPTER 4

INDEPENDENT STUDIES OF MASS TRANSFER AND
KINETICS OF NITRATION OF NITROBENZENE AT
HIGH-CONCENTRATIONS OF SULFURIC ACID

This chapter presents the mass transfer and the kinetics of the nitration of nitrobenzeie
in concentrated sulfuric acid. The mass transfer coefficients of nitrobenzene in different
sulfuric acid concentrations were measured at various stirring speeds. The homogeneous
reaction rate constants were determined at high-concentrations of sulfuric acid at room
temperature and at moderately higher temperatures. The kinetic results were analyzed using

the M, activity coefficient function. The activation energies were determined from the

Arrhenius plots. Using the values of mass transfer coefficients and the rate constants, the

reaction regimes were determined.

4.1 Introduction

In Chapter 3, it has been mentioned that aromatic nitration is a heterogeneous
liquid-liquid reaction, which occurs almost exclusively in the aqueous phase. Therefore,
detailed knowledge of the mass transfer phenomena between the aqueous and organic phases,
and the kinetics of the reaction is important to deal with the nitration process in a batch
reactor. To meet specific requirements, quantification of the parameters is very essential for
the rational design of the nitrator. These parameters are mass transfer coefficient, rate constant
and the activation energy of the reaction. The major factors which influence the rate of mass

transfer are the concentration of sulfuric acid, the temperature and the speed of stirring. In an
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industrial reactor, the speed of stirring is more than 1000 revolutions per minute. High-speed
stirring creates dispersion of the organic phase into the aqueous phase. The kinetics of the
reaction is significantly affected by the temperature of the reaction and the concentration of
sulfuric acid. In this chapter, the mass transfer and kinetic aspects of nitration of nitrobenzene

in a batch reactor using concentrated sulfuric acid are presented.

4.2 Experimental

4.2.1 Materials
Nitrobenzene (99% purity), sulfuric acid (18.3 kmol/m®) and nitric acid (15.5 kmol/m?)

were procured from Merck (India). Standard organic samples, 1,2-dinitrobenzene (99%
purity). 1,3-dinitrobenzene (97% purity) and 1,4-dinitrobenzene (98% purity) were procured
from Alfa Aesar (India). HPLC-grade methanol, water and acetonitrile were procured from
Merck (India). Sulfuric acid solutions of lower concentrations were prepared by diluting the
concentrated acid (18.3 kmol/m3) with water. The concentrations of the sulfuric acid solutions

were determined by acid-base titration using aqueous NaOH, which was standardized with

oxalic acid. The water used in this study was purified from a Millipore® water purification

system.

4.2.2 Apparatus and procedure
4.,2.2.1 Measurement of mass transfer coefficient of nitrobenzene in sulfuric acid

The experiments to determine the mass transfer coefficient of nitrobenzene in sulfuric
acid were carried out under flat-interface conditions employing the batch dynamic process.
Nitrobenzene was contacted with sulfuric acid (without any nitric acid) of different

concentrations in an apparatus shown in Figure 4.1. An unbaffled glass reactor with a working
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Figure 4.1 Schematic diagram of the reactor.
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capacity of 1000 cm’ was used for this purpose. The internal diameter of the reactor was 10
cm. The glass reactor was placed in a water bath whose temperature was maintained by a
thermostatic water circulator. The head of the reactor was fixed with clamps. The head was
provided with three openings at the top. The glass stirrer was provided with two paddle-type
impellers mounted on its shaft, such that the upper paddle stirred the organic phase, and the
lower paddle stirred the aqueous phase. Both the paddle impellers had four vertical blades,
which were fused to the agitator shaft at /2 rad to each other. The length of the blades was
2.5 cm and their height was 1.5 em. A thermometer was inserted from the top of the reactor to
monitor the temperature of the medium.

The requisite amount of aqueous acid was first poured into the reactor. A known amount
of nitrobenzene was then charged to the reactor very carefully on the top of the aqueous
phase. Agitation was then started. The transfer of nitrobenzene into the aqueous phase was
measured as a function of time. For determination of the amount of nitrobenzene in the
aqueous phase, approximately one cm® of sample was collected at definite time intervals. The
samples were dissolved in methanol. The amount of nitrobenzene present in the sample was

determined by UV-Visible spectroscopy from its absorption at A, =260 nm, as described

in Section 3.2.2.1. The mass transfer coefficients were determined at 298 K and 313 K at
sulfuric acid concentrations between 14.1 kmol/m® and 17.4 kmol/m® at the impeller speeds of

2n rad/s and 47 rad/s. All these measurements were repeated to check the reproducibility.

4.2.2.2 Determination of homogeneous reaction rate constants

Kinetic studies of nitration were carried out in the batch reactor under homogenized

condition. Experiments for the determination of rate constants were carried out between 141
3 3 e ‘ i

kmol/m™ and 7.2 kmol/m” sulfuric acid concentrations at 298 K. 313 I and 323 K. Stock
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solutions of each sulfuric acid Cbncentralion were prepared for carrying out the reactions.
Using the acid from the same stock solution, the nitration reactions were carried out at the
three temperatures. The experimental procedure was as follows. A known volume of aqueous
sulfuric acid of desired concentration was taken into the reactor placed in the water bath. The
temperature of the bath was maintained at the desired level with a thermostatic water
circulator. A known amount of nitrobenzene was dissolved in sulfuric acid and the mixture
was stirred rapidly to attain homogeneity. The amount of nitrobenzene dissolved in sulfuric
acid was 20 — 30% of its equilibrium solubility at the corresponding sulfuric acid
concentration. After the dissolution of nitrobenzene was complete, nitric acid of required
amount was added to the reactor and the reaction mixture was stirred at a specific impeller
speed to obtain a homogeneous reaction mixture. About 0.2 c¢cm® of sample was withdrawn
from the reactor at certain time intervals. The samples were dissolved in 10 cm® of methanol
and chilled to quench the reaction. The concentrations of the reactant (i.e., nitrobenzene) and
product (i.e., 1,3-dinitrobenzene) were analyzed by reverse phase HPLC [column: Hibar-
Purospher-STAR RP-18 (Merck), detector: UV, A= 254nm]. The mobile phase was
constituted of acetonitrile and water in 3:2 volumetric ratio. Its flow rate was maintained at
16.67 x 1072 cm’/s. A typical absorbance versus time chromatogram of the separation of
nitrobenzene and I,3-dinitrobenzene (dissolved in methanol) in HPLC is shown in Figure 4.2.
It is seen from the chromatogram that the resolution of separation was excellent, and it was
achieved within a moderate retention time. The retention times for 1.3-dinitrobenzene and
nitrobenzene were 335 s and 370 s, respectively.

Calibration was done by using solutions of known amounts of standard nitrobenzene and

I,3-dinitrobenzene in methanol using the method described above. The calibration plots for
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Figure 4.2 Chromatograms of nitrobenzene and 1,3-dinitrobenzene by reverse phase liquid

chromatography.
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nitrobenzene and l,3-dinitroben&ne are shown in Figure 4.3 and Figure 4.4, respectively.
This method showed an excellent linearity for nitrobenzene in the concentration range of 0 to
175 mg/dm’, and for 1,3-dinitobenzene in the concentration range of 0 to 150 mg/dm?®. The
aforesaid method using HPLC was very proficient, and the average absolute deviation (AAD)
in calculating the concentrations was within 1% [see equation (3.1)]. The concentrations of
nitrobenzene and 1,3-dinitrobenzene in the samples withdrawn from the reactor were
determined by employing this method. The advantage of this experimental procedure was that
the effect of water produced in the reaction was too small to dilute the sulfuric acid medium.
Also, the analysis could be performed by HPLC rather than by UV-Visible
spectrophotometry in which both nitrobenzene and the product (i.e., 1,3-dinitrobenzene)

absorb at the same region of the spectrum. It was found that the maximum absorption

wavelengths for nitrobenzene and 1,3-dinitrobenzene in methanol occur at 260 nm
mnax

and 235 nm, respectively.

4.3 Results and discussion

4.3.1 Determination of mass transfer coefficient

The rate of change of concentration of nitrobenzene in the aqueous phase can be

described by,

%(JﬂzCﬁB){%J(VmENB—VacgJB) @1

where C{p is the concentration of nitrobenzene in the aqueous phase, Cnp is the

equilibrium concentration of nitrobenzene in the aqueous phase, &; is the mass transfer

coefficient, 4 is the interfacial area (= frd‘?/il, where d is the diameter of the reactor), 1. 18
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Figure 4.3 Calibration curve for nitrobenzene by reverse phase liquid chromatography.
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Figure 4.4 Calibration curve for 1,3-dinitrobenzene by reverse phase liquid chromatography.
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the volume of the equilibrated mixture of nitrobenzene and sulfuric acid, and V, is the

volume of the aqueous phase at time ¢. Equation (4.1) takes into account the changes in

volume of the aqueous phase that occurs especially at the high concentrations of sulfuric acid.

Equation (4.1) can be written as,

dCS dV ky A —
Va TJ:@'F CN _dri:{ ﬁ (VooCNB _V(ICI(\IJB) (4.2)
a

Rearranging equation (4.2) we get,

acly Cégdv, [k a). =
s 4 _v.ca
a Ve dt 2 (I‘”CNB V“CNB) (3
a

From equation (4.3), it can be observed that the value of equilibrium concentration of

nitrobenzene in the aqueous phase (CNB) is required to determine the mass transfer

coefficient. The data on equilibrium solubility of nitrobenzene in different concentrations of
sulfuric acid and vice versa were depicted in Figure 3.3.

Assuming that the change in the volume of the aqueous phase occurs solely due to the
transfer of nitrobenzene into the aqueous phase, and that the volume change of mixing Is
negligible, ¥, can be expressed as,

V, =V +V,CoaMypn/Pm (4.4)

where ¥ is the initial volume of the aqueous phase, Myp is the molecular weight of

nitrobenzene and pyp is its density. By rearranging equation (4.4), V,, can be expressed as,

vV, = Y / 4.5
(I“Cﬁsf"fNBfPNB) (%5

Differentiating equation (4.5) with respect to ¢ we get,
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dVy _ VaMNB/PNB dC\B (4.6)
dt (1 _CI(\IJBA'[NB/P'NB) 2

/
a

Inserting the values of ¥, and in equation (4.3) we get,

dCip , CNp _ VaMnp/Png  dCRp _
dl Va (I_C&BA’INB/’PNB) at

a / 2
"*'1./1(1 - CNBMNB, PNB)
73

o

(4.7)
1~ CEsMne/PNe

VooéNB - ( ) Clc\IJB

Rearranging equation (4.7) we get,

dC¥ ke A 2 C @
L YN | LR SO TANTA B RS
0

Equation (4.8) was numerically solved by the Runge-Kutta-Gill method using the initial

condition: C{jg =0 at 1 =0. The mass transfer coefficient, k, , was determined by fitting the

concentration profile obtained by solving equation (4.8) to the experimental data obtained in
this work. The computer program to solve equation (4.8) and computational output are given
in the Section B.1 of Appendix B. The concentration profiles of nitrobenzene at different
sulfuric acid concentrations at the impeller speeds of 27 and 47 rad/s at 298 K are shown in
Figures 4.5 and 4.6, respectively. It can be observed from these figures that the data were
fitted well by the profiles at all sulfuric acid concentrations. It can be seen from Figures 4.5
and 4.6 that the mass transfer rates were quite high even at such low speeds of agitation. For
the impeller speed of 2n rad/s, about 22% of the equilibrium solubility was reached after 3 ks
for 14.1 kmol/m® concentration of sulfuric acid whereas, 78% of the equilibrium solubility

3 3 : ~ . .
was reached after the same time for 17 kmol/m” concentration of sulfuric acid. In general, the
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Figure 4.5 Determination of mass transfer coefficient of nitrobenzene at 298 K at different

sulfuric acid concentrations at 2r rad/s impeller speed.

Concentration of sulfuric acid

Mass transfer coefficient

(kmol/m”) (m/s) x 10°
14.1 0.38
14.8 0.65
15.3 0.88
16.3 1.50
16.7 1.83
17.0 2.45

TH-1860_Rahaman

96



INDEPENDENT STUDIES OF MASS TRANSFER AND KINETICS CHAPTER 4

00 % @ep B

14.1 kmol/m® H,S0,
14.8 kmol/m® H,S0,
15.3 kmol/m® H,S0;4
15.9 kmol/m® H,S0,
16.5 kmol/m® H,SO,
17.1 kmol/m® H,SO,

— Model fit

o

9000
Spt
=]
= 7200
5
2 o
v 2
g <= 5400
5m
S 2
- =
2 2 3600
s
= 1800
=
0

0

120

240

—f————— = i

360 480 600 720
Time (s)

Figure 4.6 Determination of mass transfer coefficient of nitrobenzene at 298 K at different

sulfuric acid concentrations at 4n rad/s impeller speed.

Concentration of sulfuric acid

Mass transfer coefficient

(kmol/m?) (m/s) x 10°
o 14.1 0.83
14.8 1.12
5.3 1.28
15.9 337
16.5 15.20
7.1 34.00

TH-1860 Rahaman

97



INDIEPENDENT STUDIES OF MASS TRANSFER AND KINETICS CHAPTER 4

tendency to reach the equilibrium sblubilily increased as the concentration of sulfuric acid
increased. The increase in k; was spectacular beyond 16 kmol/m® concentration of sulfuric
acid. The spontaneity observed in the dissolution of nitrobenzene in sulfuric acid is unique. It
is likely that the stability achieved by the formation of microemulsion is the main driving
force for the increase in mass transfer rate with the increase in sulfuric acid concentration. At
4n rad/s impeller speed, the rate of mass transfer was very fast, which can be observed from
Figure 4.6. It was observed that 95% of the equilibrium solubility was attained in just 720 s
for 17.1 kmol/m® concentration of sulfuric acid. The increase in kf‘ with the increase in the
speed of stirring agrees qualitatively with the results reported in the literature on agitated
liquid-liquid systems [1-3]. The mass transfer coefficient increased by one order of
magnitude at the high-sulfuric acid concentrations when the agitation speed was doubled.

The concentration profiles of nitrobenzene at different sulfuric acid concentrations at
313 K using the impeller speeds of 2mwand 4n rad/s are shown in Figures 4.7 and 4.8,
respectively. It can be observed from these figures that the rate of mass transfer increased
significantly with the increase in sulfuric acid concentration and impeller speed as observed in

Figures 4.5 and 4.6. A comparison of /; for 2 and 4n rad/s impeller speeds at 298 K and

313 K is presented in Figures 4.9 and 4.10, respectively. Apart from the increase in the value

of k; with increase in sulfuric acid concentration and speed of stirring (which has been
discussed before), it is evident from this figure that k; increased with the increase in

temperature, which is also in qualitative agreement with the results reported in the literature
[4]. The mass transfer experiments at temperatures higher than 313 K were not carried out due

to the sulfonation of nitrobenzene. A comparison with the results reported by Modak and
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Figure 4.7 Determination of mass transfer coefficient of nitrobenzene at 313 K at different

sulfuric acid concentrations at 27 rad/s impeller speed.

Concentration of sulfuric acid

Mass transfer coefficient

(kmol/m?) (m/s) x 10°
14.3 0.505
14.8 0.960
15.8 1.350
16.1 1.710
16.4 2.500
171 3.880
17.4 5.120
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IFigure 4.8 Determination of mass transfer coefficient of nitrobenzene at 313 K at different

sulfuric acid concentrations at 4n rad/s impeller speed.

Concentration of sulfuric acid

Mass transfer coefficient

(kmol/m”) (m/s) x 10°
14.3 2.17
14.8 4.87
13.4 T2
15.8 9.60
16.1 12.50
16.4 20.50
17.1 89.00
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Figure 4.9 Comparison of the values of k; obtained at different impeller speeds at 298 K.
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Figure 4.10 Comparison of the values of &; obtained at different impeller speeds at 313 K.
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Juvekar [5] indicates that the values of mass transfer coefficient obtained in the present study
are somewhat lower than that reported by them. It may be due to the fact the reactor used in
the present study had larger diameter than the reactor used by them whereas, the diameter and

height of the mmpellers were comparable. This probably caused lower values of the mass

transfer coefficient in the present study.

4.3.2 Determination of reaction rate constants

The generation of nitronium ion in mixed acid and the mechanism by which
nitrobenzene reacts with the nitronium ion is depicted in Figure 4.11. The rate of nitration can

be expressed in terms of the concentrations of the reactants as [6,7],

([CNB
dt

(4.9)

Rate = — = k2.expCNBCHNO3

where /3 oy, 1s the observed (i.e., experimentally-determined) second-order rate constant,
and Cnp and Cynp, are the concentrations of nitrobenzene and nitric acid in the aqueous
phase, respectively. The observed rate constant k, exp C€an be a strong function of sulfuric

acid concentration. The rate expressed by equation (4.9) can change by several orders of
magnitude if the concentration of sulfuric acid changes.

In the present study, the reactions were carried out in a single phase taking advantage of
the high solubility of nitrobenzene in sulfuric acid. Therefore, the reaction mixture was
homogeneous and the reaction was free from any mass transfer effect. The rate of

homogeneous reaction in the constant-volume batch reactor can be described by the following

rate equation.

L0 CI(\NB _ 0 0 0 0 )
CNH It = /Q.exp (CNB _CNB’YNB)(CHNO3 —CNB/\ NB) (4_]0\)

(
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Generation of nitronium ion: HNO; +2H,S50, —= NO&F + H3O+ +2HSOy

NO, NO;

H HOy
-H"
N*=0 *

o 1,2-dinitrobenzene (minor)
NO, NO, NO,
y - o o [ : : ' NO; *
Electrophilic substitution: fislbh] > -H )
H
. N=0 NG
+ NO; | 1,3-dinitrobenzene (major)
NO, 0O NO,
-H*
— >
H NO;

1,4-dinitrobenzene (minor)

Figure 4.11 Reaction mechanism of nitration of nitrobenzene with mixed acid.
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where C]U]\,O and CT(\TB are the initial concentrations of nitric acid and nitrobenzene,
1 "

respectively, and Xy is the conversion of nitrobenzene. Letting M :CgNO /CTQJB , the
3

initial molar ratio of reactants. we obtain

\

o dY 2
R o :kz*“l’(c‘%l?') (I-XNg)(M - Xyp), M =1 @.11)

Integrating equation (4.11) we get,

M-Xng | 0 0
M(1-Xnp) | “2.xp (CHNO3 ‘CNB)f (4.12)

.
In

M- Xng

MJ versus time should be linear passing through the origin

Therefore, a plot of In

. - 3 0 0
with slope equal to f’sze,q,(CHI\JO3 —CNB)- The observed rate constant, lcz,exp, can be

calculated from the slope. To check the dependence of initial mole ratio of nitric acid and
nitrobenzene () on the value of second-order rate constant, a series of reactions were carried
out at 298 K with different values of M. The concentration profiles of nitrobenzene at 15.6

kmol/m® H2SO4 concentration are presented m Figure 4.12 (a) with different initial mole

ratios of nitric acid and nitrobenzene. The corresponding plots of In m Versus
M(l - XNB)

time are shown in Figure 4,12 (b). The observed rate constants calculated from the slopes of
the plots are presented in Table 4.1. It is seen from the table that the values of the second-
order rate constants did not vary with M.

Experiments were carried out to determine the effect of stirring speed on the value of
second-order rate constant using 15.9 kmol/m’ concentration of sulfuric acid at 298 K. The

concentration profiles of nitrobenzene and the corresponding linear plots are shown in Figure
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Figure 4.12 (a) Concentration profiles of nitrobenzene in the reaction mixture at three values
of M, and (b) determination of second-order rate constants at these M at 298 K using

15.6 kmol/m® sulfuric acid.
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4.13. The observed rate constants determined from the slopes of the plots are presented in
Table 4.2. It 1s observed from this table that the stirring speed had negligible effect on the
second-order rate constant. The initial mole ratio of nitric acid and nitrobenzene (A/) was
taken as 0.48 for studying the second-order kinetics. The speed of agitation was maintained at
27 rad/s because it was apparent that this speed was sufficient to make the reaction mixture
homogeneous. The homogeneous nitration of nitrobenzene for the determination of second-
order rate constant was carried out at various sulfuric acid concentrations at three
temperatures.

The concentration profiles of nitrobenzene at 14.4 kmol/m’ H,SO,4 concentration are

presented in Figure 4.14 (a) at these three temperatures. The corresponding plots of

A’f = /\, . )
h{/\/(; YNB )J versus time are shown in Figure 4.14 (b). It can be observed from Figure
A\ A NE

4.14 (b) that the data were fitted well by the straight lines given by equation (4.12). Similarly,
the concentration profiles of nitrobenzene and the corresponding linear plots are shown in
Figures 4.15 — 4.20 for other sulfuric acid concentrations at 298 K, 313 K and 323 K. The
observed rate constants calculated from the slopes of the plots are presented in Figure 4.21. It
can be observed from this figure that the value of rate constant is maximum when the sulfuric
acid concentration is ~16.7 kmol/m®. The reason for this is explained in the subsequent
section. The rate constants obtained in the present study are compared with the values
reported in the literature at 298 K [8,9], 300 K [5] and 313 K [8] in Figure 4.21. It can be
observed that the rate constants obtained in the present work compare well with the results

reported in the literature.
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Figure 4.13 (a) Concentration profiles of nitrobenzene in the reaction mixture, and (b)
determination of second-order rate constant with different stirring speeds at 298 K
with 15.9 kmol/m’ sulfuric acid (M = 0.48).
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Table 4.1 Variation of rate constant (fcz,e:\.p) with M at 15.6 kmol/m® concentration of

sulfuric acid at 298 KK

M k2 exp (111311101_15_1) x 10°
0.51 7.86
0.35 7.36
0.20 7.65.

Table 4.2 Variation of rate constant (kz‘exp) with stirring speed at 15.9 kmol/m”

concentration of sulfuric acid at 298 K

Stirring speed (rad/s) k2,exp (1113molulsAl) x 10°
2n 16.8
4n 17.4
109
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Figure 4.14 (a) Concentration profiles of nitrobenzene in the reaction mixture, and (b)

determination of rate constants at 298 K, 313 K and 323 K at 4.4 kmol/m’
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Figure 4.15 (a) Concentration profiles of nitrobenzene in the reaction mixture, and (b)

determination of rate constants at 298 K, 313 K and 323 K at 15.0 kmol/m’
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Figure 4.16 (a) Concentration profiles of nitrobenzene in the reaction mixture, and (b)

determination of rate constants at 298 K. 313 K and 323 K at 15.6 kmol/m’
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Figure 4.17 (a) Concentration profiles of nitrobenzene in the reaction mixture, and (b)
determination of rate constants at 298 K, 313 K and 323 K at 16.2 kmol/m’

concentration of sulfuric acid.
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Figure 4.18 (a) Concentration profiles of nitrobenzene in the reaction mixture, and (b)
determination of rate constants at 298 K, 313 K and 323 K at 16.6 kmol/m’

concentration of sulfuric acid.
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Figure 4.19 (a) Concentration profiles of nitrobenzene in the reaction mixture, and (b)
determination of rate constants at 298 K, 313 K and 323 K at 16.9 kmol/m’
concentration of sulfuric acid.
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Figure 4.20 (a) Concentration profiles of nitrobenzene in the reaction mixture, and (b)
determination of rate constants at 298 K, 313 K and 323 K at 17.1 kmol/m’
concentration of sulfuric acid.
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Figure 4.21 Variation of the second-order rate constant with the concentration of sulfuric acid

at 298 K, 313 K and 323 K. Comparison with the experimental data reported in the

literature is presented in the figure. The curves indicate the fit of the

equation (4.17) described on page 119.
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4.3.3 Analysis of the Kkinetic results

The rate-determining step in homogeneous aromatic nitration in mixed acid is believed

to be the attack of the nitronium ion (NO}Z) on the aromatic compound. The rate can be

expressed in terms of the concentrations of nitrobenzene and nitronium ion as [6],
4
Rate = I(Z.CXDCNBCNOz‘ (413)

# . 5 . . .
where & oy, 1s the observed rate constant and CNO+ is the concentration of the nitronium
2

ion in the acid phase. In addition, the reaction-rate in the acid phase can be written using a
Bronsted-Bjerrum rate law (transition-state theory) as [7],

YNB Ynat
Rate = k) CpCly s — 02
NO} S

(4.14)

where 4j is a thermodynamic parameter that depends on temperature, y5p and Ynot are the
2

activity coefficients of nitrobenzene and nitronium ion, respectively, and y* is the activity
coefficient of the transition-state intermediate. The parameter k5 is unique for each aromatic

compound. Based on the rate expression given by equation (4.14), a rate equation has been

proposed by Marziano and co-workers [9-1 1] employing the M. function of sulfuric acid as,

Rate = kjCnpCy, s 10™Me
2-NB-No¥ (4.15)
where 7 is another thermodynamic parameter which is unique for each aromatic compound.

The M. function for sulfuric acid represents a general scale that depicts its acidity. The value

of M. depends only on the concentration of the acid at a given temperature. The quantity

M, : . . . o 2 . ;
10""¢ describes the change in the ratio of the activity coefficients in equation (4.14) with the

change in sulfuric acid concentration, and takes into account the effective concentrations of

[18
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the reactants.

I'rom equations (4.9) and (4.13), the relation between )’c;e exp and /k; exp Can be written

as,
]-* k2,expCHNO3
‘2exp T _?“'-""“ (4.16)
NO3

From equations (4.9) and (4.15), the relation between k5 and k, exp Can be written as,

= k2,expCI-INO3
4= M (4.17)
CNOE 107" ¢
From equation (4.17) we can write,
log k3 exp — log(CNO; /CHNO3 ) =log k% +nM (4.18)

Therefore, a plot between {logkz,cxpmlog(CNO; /CHNO3 )J and M, should produce a
straight line with slope equal to » and intercept equal to logk’. However, in order to
determine the values of 7 and ko, it is necessary to know M, and (CNOZ /CHNO3 ) :

4.3.3.1 The M _. function

The M, function at 298 K was developed in the form of a polynomial by using the data

of Marziano et al. [I1]. In the sulfuric acid concentration range between 14.0 and 17.2
kmol/m®, the polynomial is given by,

o -4 .5 -3 4 2.3 2
-M,_ =647x10 " -39.8; _ ,
¢ x 1,50, 39.8x10 ansod +91.8x10 anso,, 9.390[{2804 436.6(7[_[2804 (4.19)

The fitted data using the polynomial is shown in Figure 4.22. The values of A, at the higher

temperatures were calculated by the following equation given by Marziano et al. [12],
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Figure 4.22 Variation of the A, function with the concentration of sulfuric acid at 298 K.
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M, (T)=M.(298 K)|i2—?10+0.3292} (4.20)

4.3.3.2 The (CN()Z* /C!li\'03) ratio

The equilibria of nitric acid in aqueous sulfuric acid have been studied extensively at
room temperature and at higher temperatures by different techniques such as Raman
spectroscopy, UV spectroscopy and NMR spectroscopy. These works have identified the
molecular and ionic species present in the solutions. The amounts of HNO3 converted to

< R .. . . . ) ; .
NO,; in different sulfuric acid solutions were shown in Figure 2.4. At the high-concentrations

of sulfuric acid (>14.1 kmol/m”), nitric acid is present as nitronium ion and molecular nitric

ed s .0
acid (1.e., CHNO3 = CNO}' +CHNo, )- The values of (CNO}L /CHNO3) at 298 K and 313 K

were determined from the ionization ratio (CNO§ /CI(-)INO3) presented in Figure 2.4. The
values at 323 K were obtained by interpolation of the data between 313 K and 333 K.
Figure 4.23 shows the plots of [logkz,exp —log(C’No;2r /CI-IN03 U versus M. at

different temperatures. It can be observed from this figure that the data were fitted well by

straight lines in all cases. The values of n and log k5 obtained at different temperatures are
presented in Table 4.3. It is evident that the value of 1 was virtually constant over these
temperatures whereas, the value of &5 slightly increased with increase in temperature.

The best-fit curves corresponding to these values of n and k5 were shown in Figure

4.21. Tt can be seen from the figure that the fit to the experimental values of the second-order

rate constant was good, and the increase and decrease of the rate constant with increase in
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Table 4.3 Values of # and logk; at three temperatures

Nitration temperature (K) n log /5
298 0.586 2.185
313 0.626 3:239
423 0.016 3.390
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sulfuric acid concentration were explained well. The ratio (CNO’Q/CHNO.%) in equation

(4.17) increases whereas the quantity 10" I decreases with the increase in sulfuric acid

concentration. The effect of the former quantity is stronger than the latter up to 16.7 kmol/m’
sulfuric acid concentration. Beyond this concentration, the quantity 10" dominates over

the (CN0; /C”N03 ) ratio. Therefore, a decrease in rate constant is observed beyond this

sulfuric acid concentration.

Using the fitted values of n and &5, we can calculate the value of k; by using the

following relationship.

ks oa = k510" 4.21)

Figure 4.24 shows the comparison between the experimentally-observed and calculated values

* p— .
of k5 at different temperatures and at different concentrations of sulfuric acid. The calculated

. : . . *
values compared well with values obtained from the experimental &, values.

4.3.4 Determination of activation energies of nitration

- , - * +
From the values of k3 cal at three temperatures, the activation energy (E;) for the

electrophilic attack of nitronium ion on the nitrobenzene molecule can be determined. The

. . *
relationship between k3 a1 and the reaction temperature (T) was described by the Arrhenius
equation,

Ly

# # )
k2 cal = ka0 exp 5 (4.22)
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Figure 4.24 Variation of experimental and calculated values of k; with sulfuric acid

concentration at different temperatures.

TH-1860 Rahaman



INDEPENDENT STUDIES OF MASS TRANSFER AND KINETICS CHAPTER 4

where k; o is the frequency factor and R is the universal gas constant. The plots of In/y .4

versus 1/7 are shown in Figure 4.25. The data were fitted well by the straight lines. The

slopes of these straight lines give the values of the activation energy E; at each sulfuric acid
concentration. It is observed from the figure that the linear plots are parallel to each other. The
value of E; was found to be constant at 91.3 kJ/mol.

From the values of &, ., at different temperatures, the activation energy (Ez) of the

reaction between nitrobenzene and nitric acid was calculated at each sulfuric acid

concentration by the Arrhenius equation,

[,

k =y g €xp| —=2 4.23)
2,exp 2,0 ©X] ( RTJ (
where k3 o is the frequency factor. The plots of Ink, exp Versus I/T are shown in Figure

4.26. The data were fitted well by the straight lines. The values of the activation energy £

were calculated from the slopes of these straight lines. It was found that the values of £3

. . . . N , - * . r
varied with the concentration of sulfuric acid. The relation between E, and E, 1S shown

schematically in Figure 4.27. From the figure it can be seen that the activation energies £

and E; can be correlated as,
Ey=Ey+AH (4.24)
where A// is the enthalpy change for the reaction: HNOj; +H" - NO; +H,0. The value of

AH at each sulfuric acid concentration was determined and these are presented in Figure
4.28. It is observed from the figure that the exothermicity of the reaction increased with the

increase in sulfuric acid concentration. This agrees with the prediction of Cox and Strachan
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Figure 4.25 Arrhenius plots at different concentrations of sulfuric acid.
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Figure 4.26 Arrhenius plots at different concentrations of sulfuric acid.
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[13,14]. The value of AH passed through a minimum and then increased at the high-

concentrations of sulfuric acid. The values of AH agree well with the values reported in the

literature [15].

4.3.5 Determination of reaction regime

The diffusivity of nitrobenzene (DNB) in sulfuric acid was calculated by using the

modified Wilke-Chang equation proposed by Perkins and Geankoplis [16].

T W
7.4x1070 7 (g1
B, = 06( ) (4.25)
HVy,

where 4 is the viscosity of aqueous sulfuric acid, v,, is the molar volume of nitrobenzene at
normal boiling point and T is the temperature. The quantity ¢ A is defined as [13],

G M = Xy My, + x, M (4.26)

where x,, and xg are the mole fractions, @y, and ¢, are the association factors, and M, and
Mg are the molecular weights of water and sulfuric acid, respectively. The diffusivity of

nitrobenzene at different sulfuric acid concentrations at 298 K and 313 K are presented in
Table 4.4. A typical calculation involved in the determination of diffusivity of nitrobenzene in
sulfuric acid is presented in the Section A.2.1 of Appendix A. It can be observed from Table
4.4 that the diffusivity decreased with increase in sulfuric acid concentration, passed through a
minimum and then increased at the high-sulfuric acid concentrations. This happened because
¢ M increased with increase in sulfuric acid concentration whereas, the viscosity increased
with sulfuric acid concentration up to 15.9 kmol/m’, and then decreased.

The Hatta number was calculated by the following expression [17], using the values of

kp and &y ey, reported in the Sections 4.3.1 and 4.3.2, respectively.
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Table 4.4 Diffusivities of nitrobenzene in sulfuric acid and Hatta numbers

Reaction Sulfuric acid concentration - ,
temperature (K) (kmol/m”) Dnp x10°7 (ms) Ha x 10,

14.1 0.82 0.24

14.8 0.72 1.19

208 15.3 0.70 1.99

16.3 0.74 6.68

16.7 0.78 11.25

17.0 0.81 Tl

14.3 1.32 0.85

14.8 1.24 2.01

15.8 1.20 541

313 16.1 1.22 98]

16.4 1.26 13.87

17.1 .39 938

17.4 1.40 7.05
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0
\/DNB[(Z,expCHNos 4.27)
kL

Ha =

The Hatta number at different sulfuric acid concentrations at 298 K and 313 K are presented
in Table 4.4. A typical calculation of Hatta number is shown in the Section A.2.2 of Appendix
A. The values of Hatta number indicate that the reactions took place in the slow regime [17].
The Hatta number increased with the increase in sulfuric acid concentration, passed though a

maximum and then decreased at the high-sulfuric acid concentrations. This can be explained

as follows. The mass transfer coefficient (kL) increased with increase in sulfuric acid

concentration. The rate constant (k2,exp) increased with sulfuric acid concentration up to

16.7 kmol/m”, and then decreased. The diffusivity decreased with increase in sulfuric acid
concentration, passed through a minimum and then increased at the high sulfuric acid
concentrations. However, the variation of diffusivity with sulfuric acid concentration was

much less as compared to the variation of k2,cxp with sulfuric acid concentration. Therefore,

the resulting effect was an increase in Hatta number followed by a decrease, as mentioned
before. Hatta number was found to increase with the increase in temperature. The increase in
Hatta number with increase in temperature can be attributed to the large increase in the

reaction rate constant with temperature.
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Notation
A interfacial area (m?%)
. e B 3
CHNO concentration of nitric acid in the aqueous phase (mol/m”)
INO,
C11.50 concentration of sulfuric acid (kmol/nﬁ
2904
CNB concentration of nitrobenzene in the aqueous phase in presence of reaction
(mol/m?)
. : g 3
CNB equilibrium concentration of nitrobenzene in the aqueous phase (mol/m”)
. i . : ¥ 3
'NO+ concentration of the nitronium ion in the aqueous phase (mol/m®)
2
o ' . \ 3
0 initial concentration of nitrobenzene in the aqueous phase (mol/m’)
"NB
cO iitial concentration of nitric acid in the aqueous phase (mol/m’)
HNO;
s concentration of nitrobenzene in the aqueous phase in absence of reaction
(mol/m?)
d diameter of the reactor (m)
Dnp diffusivity of nitrobenzene (m?¥s)
E, activation energy of nitration of nitrobenzene (J/mol)
- . . + y
E, activation energy for the attack of NO, on the nitrobenzene molecule (J/mol)
Ha Hatta number
k, mass transfer coefficient (m/s)

3 =1 =
ka,exp  observed second-order rate constant (m*mol™' 7'

k5 thermodynamic parameter defined in equation (4.14)

k2.0 frequency factor (m’ mol™'s™)

’f;,o frequency factor (m3 mol™! s"l)

k; cal calculated second-order rate constant with respect to the actual concentration of
the nitrating agent, NO; (m* mol™'s™")

/(;_Cxp observed second-order rate constant with respect to actual concentration of the
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o B o B el o
nitrating agent, NO, (m”mol™ ' s7)

M initial molar ratio of nitric acid and nitrobenzene

M molecular weight of aqueous sulfuric acid (kg/mol)

M. activity coefficient function

Mg molecular weight of nitrobenzene (kg/mol)

M molecular weight of sulfuric acid (kg/mol)

M molecular weight of water (kg/mol)

n thermodynamic parameter defined in equation (4.15)

Rate rate of reaction (mol m™ s‘_')

R universal gas constant (J mol™' K™

{ time (s)

T temperature (K)

Vs molar volume of nitrobenzene at its normal boiling point (cm3/mol)

Yy initial volume of aqueous phase (m*)

Vi volume of the aqueous phase constituted of nitrobenzene and sulfuric acid under
equilibrium conditions (m?)

Ve volume of aqueous phase (m?)

2 mole fraction of sulfuric acid

K mole fraction of water

XNB conversion of nitrobenzene

Greelk letters

YNB activity coefficient of nitrobenzene
Yt activity coefficient of nitronium ion
NO3
y# activity coefficient of the transition-state intermediate
AH enthalpy change (J/mol)
A wavelength of detection in HPLC (nm)
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wavelength at which the maximum absorption occurs (nm)

/1]1121.‘(

e viscosity of aqueous sulfuric acid (Pa s)
ONB density of nitrobenzene (kg/m3)

¢ association factor of aqueous sulfuric acid
bs association factor of sulfuric acid

P association factor of water
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CHAPTER 5

MASS TRANSFER WITH CHEMICAL REACTION IN
NITRATION OF NITROBENZENE

This chapter presents various features of heterogeneous nitration of nitrobenzene in
concentrated sulfuric acid media. Heterogeneous two-phase nitration of nitrobenzene in
mixed acid was carried out. A model was developed for simultaneous mass transfer with
chemical reaction to predict the concentration profiles of the reactants and products in the
reactor. The yields of the products were determined at various sulfuric acid concentrations at
room temperature and moderately higher temperatures. The percentage of the three isomers
of dinitrobenzene in the product was also determined at these sulfuric acid concentrations at

these temperatures.

5.1 Introduction

As mentioned in earlier chapters, the nitration reaction takes place in the aqueous phase
where the mixed acid produces nitronium ion. The nitrobenzene molecule diffuses into the
aqueous phase and thereafier the electrophilic substitution takes place in that phase. In
industrial practice, nitration of nitrobenzene is carried out under heterogeneous conditions
employing high temperature and high stirring speed. It has been discussed in Chapter 4 that
the rate of nitration of nitrobenzene is very sensitive to the concentration of sulfuric acid, and
a high rate can be achieved at a low stirring speed using a high-concentration of sulfuric acid.
In this chapter, a model has been developed incorporating the mass transfer of nitrobenzene

from the organic phase to the aqueous phase, and simultaneous chemical reaction occurring in
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the aqueous phase. The concentratidn profiles of the reactants and the products as well as the
conversion profiles of the reactants in the aqueous phase during nitration can be predicted
from this model. The yields of the product have been determined at different sulfuric acid
concentrations at three temperatures. The variation of isomer distribution with sulfuric acid
concentration and temperature was analyzed. It has been found that more than 90%
conversion of nitrobenzene is possible at high-sulfuric acid concentrations resulting in high

yield of the product even at moderate temperatures and at low-speeds of stirring.

5.2 Experimental

5.2.1 Materials
Nitrobenzene (99% purity), sulfuric acid (18.3 kmol/m®) and nitric acid (15.5 kmol/m’)

were procured from Merck (India). Standard organic samples, 1,2-dinitrobenzene (99%
purity), 1,3-dinitrobenzene (97% purity) and 1,4-dinitrobenzene (98% purity) were procured
from Alfa Aesar (India). HPLC-grade methanol, water, acetonitrile, pentane, dichloromethane
and 2-propanol were procured from Merck (India). Sulfuric acid solutions of lower
concentrations were prepared by diluting the concentrated acid (18.3 kmol/m®) with water.
The desired concentrations of aqueous sulfuric acid were prepared by acid-base titration using
aqueous NaOH that was standardized with oxalic acid. The water used in this study was

purified from a Millipore® water purification system.

5.2.2 Apparatus and procedure

5.2.2.1 Heterogeneous nitration of nitrobenzene

Heterogeneous liquid-liquid nitration of nitrobenzene was carried out in batch mode

using a glass reactor placed in a water bath. The temperature of the bath was maintained by a

139

TH-1860 Rahaman



MASS TRANSFER WITH CHEMICAL REACTION CHAPTER 5

thermostatic water circulator. The glass reactor was described in Section 4.2.2.1. A known
volume of mixed acid was prepared by mixing nitric acid, sulfuric acid and water in the
required proportion. First the mixed acid was charged into the reactor. Thereafter a known
amount of pure nitrobenzene was poured carefully on top of the aqueous phase. Nitric acid
and nitrobenzene were ch;'lrgcd to the reactor in 1 : 3 mole ratio. This ensured that the
formation of solid dinitrobenzene isomers in the aqueous phase was small. Agitation of the
two phases was then started and maintained at 27 rad/s under flat-interface condition. The
reactions were carried out for 30 minutes. The samples from the aqueous as well as the
organic phases were collected at definite time intervals. The reaction was quenched by
diluting the collected sample into a large volume of methanol followed by rapid chilling. The
concentrations of the reactant (i.e., nitrobenzene) in the aqueous phase, and the product (i.e.,
the dinitrobenzene isomers) in both phases were analyzed by HPLC as described in Section
4.2.2.2. Reactions were carried out at two temperatures, viz. 298 K and 313 K (because the

values of k&, are available at these two temperatures). The range of the sulfuric acid

concentration employed was 14.2 kmol/m’ to 15.7 kmol/m”,

5.2.2.2 Determination of the yield of product

The total yields of the dinitrobenzene isomers were determined in the glass reactor. The
molar ratio of sulfuric acid : nitrobenzene : nitric acid was kept constant at 4:1:1. The aqueous
phase was prepared by mixing nitric acid, sulfuric acid and water in the required proportion.
Pure nitrobenzene was charged into the reactor on top of the aqueous phase. The two phases
were stirred at 27 rad/s. The reactions were carried out for one hour. The solid product and the
unreacted reactants were removed immediately from the reactor, diluted with water and

chilled with ice to quench any further reaction. The solid product was filtered out and
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repeatedly washed with water to remove the trace amounts of the reactants. Then, it was dried
in vacuo and the amount of product was determined gravimetrically. The yields of the
dinitrobenzenc isomers were determined at different sulfuric acid concentrations in the range

from 14.1 kmol/m? to 17.1 kmol/m® at 298 K, 313 Kand 323 K.

5.2.2.3 Determination of distribution of isomers of dinitrobenzene

The amounts of the three isomers of dinitrobenzene were determined at different sulfuric
acid concentrations at the three temperatures, viz. 298 K, 313 K and 323 K. The solid product
was thoroughly triturated in a mortar and the triturated mixture was ground in a ball mill to
obtain a uniform mixture of the isomers. The isomer distribution was analyzed by HPLC by
adapting the method given in literature [1]. The procedure was as follows. A small amount of
the reaction product (after triturating and grinding) was dissolved in 2-propanol and diluted
with dichloromethane. The solution was then analyzed by normal-phase HPLC (column:
Brownlee Analytical Silica 5 um (Perkin-Elmer), detector: UV, A=254nm). The mobile
phase was constituted of a mixture of pentane (99.5 %) and 2-propanol (0.5 %), and
dichloromethane in 4:1 volumetric ratio. Its flow rate was maintained at 11.67 x 10~ cm’/s. A
typical absorbance versus time chromatogram of the separation of nitrobenzene, 1,2-
dinitrobenzene, 1,3-dinitrobenzene and 1,4-dinitrobenzene by HPLC is shown in Figure 5.1.1t
is observed from the chromatogram that the separation was good with moderate retention
times. The retention times for nitrobenzene, 1,4-dinitrobenzene, 1,3-dinitrobenzene and 1,2-
dinitrobenzene were 305 s, 350 s, 406 s and 475 s, respectively.

Standard solutions of nitrobenzene and dinitrobenzene isomers at different
concentrations were prepared in 2-propanol and diluted with dichloromethane. Their

chromatograms were taken in HPLC employing the method described above. The calibration
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Figure 5.1 Chromatograms of nitrobenzene and dinitrobenzene isomers by normal phase

liquid chromatography.
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plots for nitrobenzene, l,2-dinitrobenzene, 1,3-dinitrobenzene and 1,4-dinitrobenzene are
shown in Figures 5.2 — 5.5, respectively. The plots of area versus concentration were linear
for a wide range of concentrations of nitrobenzene and the dinitrobenzene isomers. This liquid
chromatographic method was very proficient and the precision of the determination of
concentrations was £1% [see equation (3.1)]. All these experiments were repeated at least
three times to check their reproducibility. The results were found to be highly reproducible. A
typical calculation of determination of distribution of isomers of dinitrobenzene in the product

is presented in the Section A.3 of Appendix A.

5.3 Results and discussion

5.3.1 Modeling of mass transfer with chemical reaction

A model has been developed for the nitration process employing mass balance in the
aqueous phase by taking into account the amount of nitrobenzene transferred through the
interface, the amount of nitrobenzene reacted, and its accumulation. This model will be useful
to predict the concentration profiles of the reactants and the products as well as the conversion
profiles of the reactants in the aqueous phase during nitration. It was confirmed from the
values of the Hatta number that the reaction takes place in the slow regime. This enables us to
use the mass transfer coefficients obtained in absence of chemical reaction without a
significant loss in accuracy. The model presented here is based on a few assumptions. The
aqueous phase is assumed to be homogeneous. The mass transfer is assumed to occur from
the organic phase to the aqueous phase, and the reverse is not significant. The change in
volume of the aqueous phase occurs solely due to the transfer of nitrobenzene into the
aqueous phase. The solid product present in the aqueous phase is assumed to have negligible

effect on the volume change. The change in volume due to the formation of water and the
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Figure 5.2 Calibration curve for nitrobenzene by normal phase liquid chromatography.
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Figure 5.3 Calibration curve for 1,2-dinitrobenzene by normal phase liquid chromatography.
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Figure 5.4 Calibration curve for 1,3-dinitrobenzene by normal phase liquid chromatography.
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Figure 5.5 Calibration curve for 1,4-dinitrobenzene by normal phase liquid chromatography.
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consumption of nitric acid is assumed to be negligible. It is further assumed that the volume
change of mixing is ncgligible. The equilibrium concentration of nitrobenzene in the aqueous
phase in absence of chemical reaction is assumed to remain the same in the reaction mixture.
Therefore, it is apparent that this model can be expected to be sound up to moderately-high
sulfuric acid concentrations.

The material balance for nitrobenzene in the aqueous phase is given by,

d kiA =
E(VRCNB)z v (VOOCNB"VRCNB)_kZ,expCHNO3CNBVR (5.1)

where Vjy is the volume of the aqueous phase, V,, is the volume of the equilibrated mixture
of nitrobenzene and sulfuric acid, k; is the mass transfer coefficient, 4 is the interfacial area
(=nd 2 / 4, where d is the diameter of the reactor), CNp is the equilibrium concentration of
nitrobenzene in the aqueous phase, Cyg is the concentration nitrobenzene in the aqueous

phase, CI-INO, is the concentration nitric acid in the aqueous phase, and k,exp is the

observed second-order rate constant. Equation (5.1) can be rearranged as,

dCNB +C B dVR =kLA

ar NBra Ty (Vo CNB = VRCnp )~ k2 expCiino, Crm Yk (5.2)

Vi
Rearranging and simplifying equation (5.2) we get,

dc — [ ky A Cng 4V,
NB _ k, ACNB {—ﬁ‘-’i—]—(ﬂ—wz,expc}{m} )cNB ~—NB_ R (5.3)

dt Vi Vr Vg dt
As the change in the volume of the aqueous phase occurs only due to the transfer of
nitrobenzene into the aqueous phase, Vp can be expressed as,
Ve =Vo+VrCnpMnB/PNB (5-4)

where V) is the initial volume of the aqueous phase, Myp is the molecular weight of
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nitrobenzene and pynp 1s its density. By rearranging equation (5.4), V5 can be expressed as

4
Vp = 5.5
(1-CnMnB/PNB) (>2)
Differentiating Vp with respect to ¢ we get,
av, VeM dC
R __ VrRMNB/PNB NB (5.6)

dt  (1-CnpMng/PNB) dt

Inserting the values of Vj, and %3— in equation (5.3) we get,

dacC — V, 2
MB. =k, ACNB [V%](l‘CNBMNB/PNB)
0
ki A(1-CnpM
| keA(1-Cnp NB/pNB)_i_kze‘pCHNO Cnp - CneMnB/PNB  4CnB (5.7)
Vo B } (1-CngMng/PNB)  dt

Rearranging and simplifying equation (5.7) we get,

dCNB

— v 3
=k; ACNB [7‘;—](1 ~CngMnNB/PNB)
. 0
|k A(1-CngMug/PNB)
Yo

+k2,expCHNO, ](1 -CngMnp/pB)Cng (5-8)

The material balance for nitric acid in the aqueous phase is given by,

d
= (VRCrinoy ) = ~k2,expChino, CrpVr

Equation (5.9) can be written as,

(5.9)

dCyNo dv,
—-—dt——3 +CHNO, _(7;3- =~k expCrino, CNBVR

; (5.10)

Rearranging equation (5.10) we get,

C .
HNO; dVp (5.11)

dCHNO
—— =~k expCHNO; ONB — Ve d

dt
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Substituting the values of Vj, and EC%R— from equations (5.5) and (5.6) in equation (5.11) we

get,
dChNo Cuno,MNB/PNB  dC
——2= —k3 expCrNo, ONB — 2 / NB (5.12)
dt (I—CNBMNB/pNB) dt
The material balance for dinitrobenzene isomers in the aqueous phase is given by,
d
E(V RCDNB ) = #2,expCHNo, CNBV R (5.13)

where Cpnpg is the concentration of the dinitrobenzene isomers in the reactor. Upon

rearrangement of equation (5.13) we get,

d CDN B
dt

- CpnB 9VR
= k2,expCHNO3 CNB - VR —;t—' (514)

Inserting the values of V5 and d:;R in equation (5.14) we get,

dC CpnpM dC
DNB _ k,expCHNO, CNB = pNBMNB/PNB NB (5.15)
dt (1-CngMnB/PNB)  dt

Equations (5.8), (5.12) and (5.15) were simultaneously solved by the Runge-Kutta-Gill
method using the initial conditions: Cng =0, Cpng =0 and Cyno, =CI(_)INO3 at t=0. The

computer program to solve these equations and the computational output are given in the

Section B.2 of Appendix B. The values of CNB, kp exp and kj reported in the Chapters 3

and 4 were used. The fractional conversion of nitric acid (XHNO3) was calculated by the

following equation.

VrCuno
’YHNO —1 0 3 (516)
VOCHNO
where CgNo is the initial concentration of nitric acid.
3
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5.3.2 Studies on heterogeneous nitration of nitrobenzene

The concentration profiles of nitrobenzene in the aqueous phase at 298 K are shown in
Figure 5.6. The concentration of nitrobenzene in the aqueous phase increased with time.
Transfer of nitrobenzene from the organic to the aqueous phase, and its reaction with nitric
acid took place simultaneously. At low concentrations of sulfuric acid, the reaction rate was
slow. Therefore the concentration of nitrobenzene increased steadily with time. However, the
concentration of nitrobenzene in the aqueous phase decreased after some time at 15.7
kmol/m’ sulfuric acid due to the high reaction rate. The concentration profiles of nitric acid in
the aqueous phase at 298 K are shown in Figure 5.7. It is evident from this figure that the
reaction rate was high at the 15.7 kmol/m’ concentration of sulfuric acid. The concentration
profiles of the product (i.e., dinitrobenzene isomers) are depicted in Figure 5.8. The
conversion of nitric acid during the reaction is shown in Figure 5.9. The conversion of nitric
acid was calculated from the amount of the main product (i.e., 1,3-dinitrobenzene) formed,
and its percentage in the mixture of the three isomers (see Section 5.3.4). From Figure 5.9, it
is evident that the conversion increased with the increase in concentration of sulfuric acid.
This is due to the increase in the concentration of nitrobenzene in the aqueous phase. In this
reaction, the ratio of nitric acid and nitrobenzene charged to the reactor was 1:3. However, the
concentrations of nitric acid and nitrobenzene in the aqueous phase (where the reaction took
place) were comparable, especially in the low range of acid concentrations. Therefore, the rate
of reaction depended on the concentrations of both nitric acid and nitrobenzene.

Figures 5.6 — 5.9 also show the comparison between the experimental and the theoretical
concentration profiles of the reactants and the product isomers at different sulfuric acid
concentrations at 298 K. The theoretical concentration profiles were obtained from the model

described in Section 5.3.1. It is seen from these figures that the theoretical concentration and
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Figure 5.6 Concentration profiles of nitrobenzene in the aqueous phase at different sulfuric

acid concentrations at 298 K.
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Figure 5.7 Concentration profiles of nitric acid in the aqueous phase at different sulfuric acid

concentrations at 298 K.
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Figure 5.8 Concentration profiles of the dinitrobenzene isomers at different sulfuric acid

concentrations at 298 K.
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Figure 5.9 Conversion profiles of nitric acid at different sulfuric acid concentrations at 298 K.
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conversion profiles were in good agreement with the experimental data. The deviation of the
experimental data from the profiles in the initial period is likely due to the turbulence created
in the aqueous phase when the agitation was started.

The concentration profiles of nitrobenzene in the aqueous phase at 313 K are depicted in
Figure 5.10. The concentration profiles of nitric acid and the dinitrobenzene isomers are
shown in Figures 5.11 and 5.12, respectively. It is evident from these figures that at the high
temperature, the rate of reaction was high and amount of product formed increased after the
same reaction time. The conversion of nitric acid during the reaction at 313 K is shown in
Figure 5.13. It is observed from the figure that the conversion increased with the increase in

sulfuric acid concentration, and also with the temperature. The high-concentration of
nitrobenzene in the aqueous phase and the high-concentration of the NO; ion in the same

phase are believed to be the main factors behind this significant increase in the conversion of
the nitric acid.

Figures 5.10 — 5.13 also depict the comparison between the experimental and the
theoretical concentration profiles of the reactants and the product at different sulfuric acid
concentrations at 313 K. It is seen from these figures that the experimental concentration and

conversion profiles matched well with the prediction of the model.

5.3.3 Determination of yield

The net yields of the three isomers of dinitrobenzene at various concentrations of
sulfuric acid at different temperatures are presented in Figure 5.14. The yields were
determined after one hour of reaction. It can be observed from the figure that the amount of
product formed at 14.1 kmol/m® and 14.9 kmol/m® sulfuric acid concentrations was very

small. However, the yield increased with the increase in concentration of sulfuric acid. The
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Figure 5.10 Concentration profiles of nitrobenzene in the aqueous phase at different sulfuric

acid concentrations at 313 K.
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Figure 5.13 Conversion profiles of nitric acid at different sulfuric acid concentrations at

313 K.
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Figure 5.14 Variation of overall yields of the dinitrobenzene isomers with the concentration
of sulfuric acid at three temperatures after one hour of reaction. The reactants were charged to

the reactor in the molar ratio, HNO; : Nitrobenzene : H,SO4 = 1:1:4.
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yield also increased with the increase in temperature. The highest yields obtained at 298 K,
313 K and 323 K were 63.3%, 90.3% and 91.7%, respectively, at 17.1 kmol/m’ concentration
of sulfuric acid. Although the rate constant decreased beyond 16.7 kmol/m’® concentration of
sulfuric acid, the high-concentration of nitrobenzene in the aqueous phase is believed to be the
main factor behind this significant increase in the yield of the product, apart from the high-
concentration of the nitronium ion in the concentrated sulfuric acid. At the high conversions
of nitrobenzene, a major portion of the product turned into a hard porous solid mass inside the
reactor. A significant amount of nitrobenzene was trapped inside the pores. The mixing was
not sufficient in this three-phase system. This factor, along with the water produced in the
nitration reaction probably did not allow the reaction to proceed further and hence, did not
he yield to be even higher. Also, the yield did not increase further at the higher-

allow t

trations of sulfuric acid. In this work, nitric acid and nitrobenzene were charged to the
concen

tor in 1:1 molar ratio to determine the yield of the reaction. The usual industrial practice is
reacto .

se excess nitric acid during nitration. Therefore it is expected that even higher yields may
tou

btained by charging excess amount of nitric acid to the reactor.
be O

5.3.4 Distribution of isomers of dinitrobenzene

The percentages of the dinitrobenzene (DNB) isomers (i.e., 1,2-dinitrobenzene, 1,3-
dinitrobenzene and 1,4-dinitrobenzene) in the product are presented in Table 5.1. It is
observed from the table that the percentage of 1,3-dinitrobenzene in the product decreased

with the increase in concentration of sulfuric acid whereas, the amounts of other isomers
egpecially |,2-dinitrobenzene, steadily increased. Also, the yield of 1,2-dinitrobenzene was
higher than the yield of 1 ,4-dinitrobenzene. This is probably due to the stabilization of the

gransition state for the ortho-substitution by dipolar interaction between nitrobenzene and the
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Table 5.1 Distribution of isomers of dinitrobenzene in the product

Isomers of DNB in the product (mol %)

Concentration of
sulfuric acid 298 K 313 K 323K

(kmol/m”) 3. 1,2- 14 13- 12- 14 13- 12 14-
DNB DNB DNB DNB DNB DNB DNB DNB DNB

14.1 9998 0.01 0.01 9994 0.02 0.04 9895 0.96 0.09

14.9 9998 0.02 0.00 99.02 0.94 0.04 9898 0.96 0.06

15.7 95.55 4.21 0.24 98.13 1.86 0.01 96.76 2.97 0.27

16.4 95.08 4.61 0.31 94.17 5.82 0.01 96.10 3.64 0.26

17.1 91.64 7.35 1.01 9148 8.33 0.19 91.07 8.00 0.93
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electrophile NO3 [2]. The reason behind the stabilization is due to the existence of -/ and -R

effects in the nitrobenzene molecule [3], which results in non-uniform distribution of positive
charge at the ortho and para positions in the resonating structures. The higher concentration
of positive charge in the para position than that in the orzho position causes greater
stabilization for the ortho substitution. Therefore, a higher amount of the ortho isomer is
produced. It has been reported in the literature that a solvent of high dielectric constant
facilitates the electrophilic substitution at the ortho position [4,5]. With increase in sulfuric
acid concentration, the dielectric constant of sulfuric acid increases (e.g., the dielectric
constant of water is 78.5 whereas, the dielectric constant of 18.6 kmol/m® sulfuric acid is 101

[6]). Therefore, the high dielectric constant of concentrated sulfuric acid favors the ortho

product.
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Notation

A interfacial area (m?)
Cpnp  concentration of dinitrobenzene isomers in the reactor (mol/m®)

ChNo, concentration of nitric acid in the aqueous phase (mol/m”)

CNB concentration of nitrobenzene in the aqueous phase in presence of reaction
(mol/m?)
CNB cquilibrium concentration of nitrobenzene in the aqueous phase (mol/m’)
c? initial concentration of nitric acid in the aqueous phase (mol/m’)
HNO, A
d diameter of the reactor (m)
ky mass transfer coefficient (m/s)

k2 exp observed second-order rate constant (m* mol™'s™)

Mg molecular weight of nitrobenzene (kg/mol)

t time (s)

Yo initial volume of aqueous phase (m’)

Ve, volume of the aqueous phase constituted of nitrobenzene and sulfuric acid under

equilibrium conditions (m*)

Vi volume of aqueous phase during reaction (m?)

X HNO; conversion of nitric acid

Greek letters

A wavelength of detection in HPLC (nm)
PNB density of nitrobenzene (kg/m’)
Abbreviations

DNB dinitrobenzene

NB nitrobenzene
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CHAPTER 6

CONCLUSIONS AND SCOPE FOR FUTURE
RESEARCH

This chapter summarizes the inferences drawn from the present work and provides

recommendation toward the future directions.

6.1 Conclusions

In this work, the nitration of nitrobenzene in sulfuric acid at high-concentrations has
been studied. Several important physicochemical phenomena associated with the process are
presenteq- Some important Kinetic and mass transfer aspects of nitration in a batch reactor
have been studied at room temperature and at moderately higher temperatures. The salient
accomplishments and major conclusions are briefly presented below.

e A very rare spontaneous microemulsification phenomenon was observed when
nitrobenzene was dissolved in concentrated sulfuric acid. This phenomenon resulted in
the dispersion of fine droplets of nitrobenzene in the aqueous acid phase. This is
believed to be responsible for the high solubility of nitrobenzene in the acid phase. It
also generated a large amount of interfacial area. The nitrobenzene molecules were not

involved in any reaction with sulfuric acid, and they were chemically frec to
participate in the nitration reaction.

e The rate of transport of nitrobenzene from the organic phase to the aqueous phase was
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found to increase with the increase in sulfuric acid concentration, stirring speed and
temperature. The main reason for the increase in the mass transfer coefficient with the
increase in sulfuric acid concentration is the stability attained by the formation of
microemulsion.

e The rate constants of the homogeneous nitration of nitrobenzene at 298 K, 313 K and
323 K at different sulfuric acid concentrations were determined. The rate constant
increased with increase in sulfuric acid concentration. The rate constant was highest at
16.7 kmol/m® sulfuric acid concentration at all three temperatures. The rate constant
decreased beyond this concentration due to the changes in the activity coefficients of
the reactants. These variations of the rate constant with the concentration of sulfuric

acid were explained by the M function. The activation energy for the elctrophilic

attack of nitronium ion on the nitrobenzene molecule was determined. The value was

found to be 91.3 kJ/mol. The activation energy of reaction between nitrobenzene and

nitric acid was found to vary with the concentration of sulfuric acid.

To determine the regime of reaction, Hatta numbers were calculated using the values
of mass transfer coefficient and the rate constant. The slow regime prevailed at all
conditions. The Hatta number increased with the increase in sulfuric acid

concentration, passed through a maximum and then decreased at the high-sulfuric acid

concentrations. The Hatta number was found to increase with the increase in
temperature. The increase in Hatta number with temperature was due to the huge

increase in the reaction rate constant with temperature.

o Net yields of the dinitrobenzene isomers increased with increase in sulfuric acid

concentration, and temperature as well. Although the rate constant decreased at the
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high-sulfuric acid concentrations (>16.7 kmol/m’), the yield of the products increased
at these concentrations due to the high-concentration of nitrobenzene and nitronium
ion present in the aqueous phase. The increase in yield with temperature was due to
the tremendous increase in rate constant with temperature. In this work, nitric acid and
nitrobenzene were charged to the reactor in 1:1 molar ratio to determine the yield of
reaction. The usual industrial practice is to use excess nitric acid. Therefore it is

expected that even higher yields may be obtained by charging excess amount of nitric

acid to the reactor.
e The proportion of the dinitrobenzene isomers in the product varied with sulfuric acid
tration as well as temperature. The percentage of 1,2-dinitrobenzene increased

concen

whereas the percentage of 1,3-dinitrobenzene decreased with increase in sulfuric acid

concentration.

e A model was developed for simultaneous mass transfer with chemical reaction for

heterogeneous nitration of nitrobenzene. The experimental concentration and

conversion profiles matched well with the prediction of the model.

6.2 Recommendations for future work
e In this work, the nitration of nitrobenzene using mixed acid at high-concentrations of
sulfuric acid is presented. This work should be extended to the other aromatic

compounds such as benzene, toluene and chlorobenzene.

e Nitration by mixed acid employs large quantities of concentrated sulfuric acid. This
method leads to excessive acid in the waste stream and corrosion of equipment. Most

of the problem can be overcome by using a solid acid catalyst in the nitration process.
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A few solid acid catalysts have been reported in the literature. However, the cost of
preparation of the solid catalyst makes them less attractive for implementation in the
industrial scale. Further study can be done to make a cost-effective solid acid catalyst.

e The use of superacids and derivatives of nitric acid such as alkyl or acyl nitrates, and
nitryl halides can be used as the nitration reagents. They allow nitration to be carried
out under anhydrous conditions with recyclable acid systems.

e The stable nitronium salts are the most suitable and effective nitrating agents
(although more expensive than mixed acid). Nitration can be carried out using the
nitronium salts in organic solvents under completely acid-free conditions. This

climinates the use of corrosive acids and their disposal problems.
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APPENDIX A
SAMPLE CALCULATIONS

A.1 Measurement of solubility of nitrobenzene in sulfuric acid
(and vice versa)
A.1.1 Measurement of equilibrium solubility of nitrobenzene in sulfuric
acid
The solubility of nitrobenzene in the sulfuric acid phase was determined by UV-Visible
spectroscopy as described in Section 3.2.2.1. A sample calculation for the determination of
solubility of nitrobenzene in the sulfuric acid is presented here at 15.3 kmol/m”® sulfuric acid
concentration at 298 K.
Sample taken from the aqueous phase = 1.2161 g
Methanol taken to dissolve the sample = 50 cm’
Dilution factor for measurement of absorbance of the sample = 100
The absorbance at 260 nm = 1.6724
From the calibration curve of nitrobenzene (Figure 3.2), concentration of sample taken in the
cuvette = (1.6728 x 15.528) mg/dm’ = 25.98 mg/dm’ = 25.98 x 107 g/cm’
Concentration of nitrobenzene present in the original sample dissolved in methanol

=(25.98 % 107° x 100) g/cm® = 25.98 x 10~ g/cm’
Amount of nitrobenzene present in the original sample = (25.98 x 10™ x 50) g
=(129.9x 107 g

_ 1299107

mol
123
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=1.056 x 10~ mol

1.056x1073

Solubility of nitrobenzene in the sulfuric acid = L2161

mol/g of aqueous phase

= 0.8683 mol/kg of aqueous phase
Density of 15.3 kmol/m’® sulfuric acid equilibrated with nitrobenzene (Figure 3.7) = 1635.56
kg/m’
Solubility of nitrobenzene in the sulfuric acid = (0.8683 x 1635.56) mol/m’ of aqueous phase
= 1420.16 mol/m® of aqueous phase
The above procedure of determination of solubility of nitrobenzene in the sulfuric acid
phase was repeated three times, and the mean value was taken. Similarly, the equilibrium

solubility of nitrobenzene at various sulfuric acid concentrations was determined at 298 K and

313 K. The values are presented in Figure 3.3.

A.1.2 Measurement of equilibrium solubility of sulfuric acid in

nitrobenzene

The solubility of sulfuric acid in organic phase was determined by acid-base titration
using NaOH standardized with standard oxalic acid. About 1 cm® of sample was withdrawn

from the organic phase and dissolved in water. A sample calculation for the determination of

solubility of sulfuric acid in the organic phase is shown below at 15.6 kmol/m> sulfuric acid

concentration at 298 K.

gample taken from the organic phase = 1.0 cm’

Strength of the aqueous NaOH (standardized with oxalic acid) = 0.00963 mol/dm’

Amount of NaOH taken to neutralize the sample = 46.6 cm’
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Moles of H,SO, present per dm”® the sample = 46.0x0.00903 _ 0.22438

2xl

Moles of H,SQ, present per m” the sample = 224.38

The aforesaid procedure for the measurement of solubility of sulfuric acid in the organic
phase was repeated three times and the average value was taken. Similarly, the solubility of
sulfuric acid in the organic phase at other sulfuric acid concentrations was determined at

298 K and 313 K. The values are presented in Figure 3.3.

A.2 Determination of reaction regime

A.2.1 Determination of diffusivity of nitrobenzene (Dyg) in sulfuric acid

The diffusivity of nitrobenzene (Dyp) in sulfuric acid was calculated by the following

relation.

7.4x10757(F47)"?
Dnp = 0.6 (A.1)
HVm

The quantity ¢ #7 is determined from the following relation.

O M = xy My, + XM (A.2)
A sample calculation is shown for the determination of diffusivity of nitrobenzene in 16.3

krnol/m3 sulfuric acid at 298 K.

The values of association factors are as follows [1].

Association factor of sulfuric acid, ¢; =2
Association factor of water, ¢, = 2.6

At 1603 kmol/m’ sulfuric acid,

Mole fraction of sulfuric acid, xg = 0.59

Mole fraction of water, Xy, = 0.41
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From equation (A.2), we get
A1 =[(0.41x2.6x18)+(0.59%2x98) | =[19.19+115.64] = 134.83
Values of the other physical parameters are as follows.
Viscosity of aqueous sulfuric acid [2], # =21.5%x [0 Pas
Molar volume of nitrobenzene at its normal boiling point [3], Vv, =102.7 em®/mol

From equation (A.1), the diffusivity of nitrobenzene in 16.3 kmol/n? sulfuric acid at 298 K is

given by,

74 x 1071 x 298 x (134.83)"2
21.5 x107 x (102.7)"¢

Dnp = m‘/s

=0.74 x 107" m¥s

A.2.2 Determination of Hatta number

The Hatta number was calculated by the following expression

Ha=Y _— ©7P HNO;

kL (A3)

mple calculation is shown for the determination ‘ . -
A sample ca @ of Hatta number in 16.3 kmol/m’ sulfuric

acid at 298 K.

The value of k; is taken from Chapter 4 (Section 4.3.1). The value of diffusivity of

nitrobenzene (DNB) is taken from Table 4.4, The v

alues of k?.,exp and CElNO are taken
3

from Chapter 4 (Section 4.3.2). These values are presented below.

k=15 107 /s

6.3 S
Jy oxp = 20.0 % 10°m’ mol ' s
2.exp
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Cl(—)INO3 =339.8 mol/m’

From the equation (A.3), the value of Hatta number is given by,

o — J0.74x10719 % 40.0x1076 x339.8
1.5%107

=0.0668

A.3 Determination of distribution of isomers of dinitrobenzene

The concentrations of the isomers of dinitrobenzene (DNB) were determined from the
solid product. The analysis was carried out by normal phase HPLC as described in Section
5.2.2.3. A small amount of the solid product was dissolved in 2-propanol and diluted with
dichloromethane. A sample calculation for the determination of the amount of dinitrobenzene
isomers present in the product is shown below. The product was obtained from the reaction at
298 K using 17.1 kmol/m’ sulfuric acid.

Sample taken from the product =16.1 mg
Solution of 2-propanol and dichloromethane taken to dilute the sample = 30 cm®

Dilution factor for measurement of area in HPLC = 10

Area obtained for the respective compounds in normal phase HPLC are as follow.
Nitrobenzene = 508.97 uV.s

1,4-dinitrobenzene = 76392.77 nV.s

| .3-dinitrobenzene = 4446785.69 Vs

| .2-dinitrobenzene = 216657.48 pV.s

Using the calibration curves for nitrobenzene and dinitrobenzene isomers (see Figures 5.2 —

5.5), the amounts of the compounds present in the sample are as follow.
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-6
Nitrobenzene = 508'97X7'9130X0100 <1030 mg =121 x 107 mg

76392.77x6.82x 100 x10x 30

mg=0.156m
1000 & me

| . 4-dinitrobenzene =

4446785.69x1.04x107> x10x 30

mg= 13.87 m
1000 5 &

|,3-dinitrobenzene =

216657.48x1.71x107> x10x 30

mg=1.11m
1000 8 &

1,2-dinitrobenzene =

It can be observed from these results that the amount of nitrobenzene present in the product
was very small. Therefore, we can neglect it. Neglecting the amount of nitrobenzene, the

moles of the dinitrobenzene isomers present in the product are as follows.

-3
156x%x10 _
| . 4-dinitrobenzene = ——————O 16x8 = 9,29x10 7 mol

-3
13.87x10 _
1,3-dinitrobenzene = ———————16)(8 = 8.26x10™> mol

L.11x1073
168

|,2-dinitrobenzene = = 6.61x107° mol

Therefore, the distribution of isomers in the product in % (mol) is as follows:
’" -
9.29%x1077

(9.29x10‘7 + 8.26x%1075 4 6.61><10‘6)

1,4-dinitrobenzene = x 100 =1.03 %

8.26x1073
(9.29>< 1077 + 8.26x1075 + 6.6]x 10*6)

1.3-dinitrobenzene = x 100 =91.64 %

6.61x107°
(9.29>< 107 + 826%10°° + 6.61x 10‘6)

[.2-dinitrobenzene = % 100 =733 %

L
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The above procedure of determination of distribution of isomers was repeated thrice at

cach sulfuric acid concentration at each temperature.
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I
H

COMPUTER PROGRAM AND TYPICAL PROGRAM
OUTPUT

B.1 Determination of mass transfer coefficient (supplementary

information of Chapter 4)

The mass transfer cocfficient of nitrobenzene in the sulfuric acid was determined from
the best fit of equation (4.8) to the experimental data. A computer code has been developed to

solve equation (4.8). For determination of mass transfer coefficient at 16.7 kmol/m® sulfuric
acid at 298 K with stirring speed 2n rad/s, a typical C++ program and computational output

are shown below.

|| Program for solving an ODE by Runge-Kutta-Gill method
I} Determination of mass transfer coefficient of nitrobenzene in the sulfuric acid

i Concentration of sulfuric acid = 16.7 kmol/m3; Temperature = 298 K; Stirring speed = 6.28

/I rad/s
# include <jostream.h>

# include <math.h>
# include <jomanip.h>

class rkg

{
private:
inti, m;
double a, b, ¢, d, f, h, k1, k2, k3, k4, x, xf, y;
double density_NB, mol_wt_NB, a1, vol_ini, eqlm_sol, vol_inf, area, kI:

publiCZ
double func (double z, double t)
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{

f=(kl*area/pow(vol_ini,2))*pow((1-(t*a1)).2)*((vol_inf*eqlm_sol!)-(((vol_inf*eqlm_sol*a1)+vol_ini)*t));

return f;

}

void solution ();

).

Il Main function

void main ()

{

rkg runge;

runge.solution ();

}

/I Apply Runge-Kutta-Gill method
void rkg :: solution ()

{

density_ NB =1200;
mol_wt_NB =0.123;

al = mol_wt_NB/density NB;
area = 3.1416*pow(0.1,2)/4.0;
eqglm_sol = 4528.46;

vol_ini = 300e-6:

vol_inf = (vol_ini/(1-(eqim_sol*a1)));
ki =0.183e-4;

X=0,y=0;
xf = 3000;

n =100;

h = (xf - x)/n;

a = (sqrt(2)-1)/2; b = (2-sqrt(2))/2;
C = -sqrt(2)/2; d = 1+sqrt(2)/2;
for (i=0; i<n; i++)

{ k1 = h*func (x,y);

k2 = h*func((x+h/2),(y+k1/2)),

k3 = h*func((x+h/2),(y+a*k1+b*k2));
k4 = h*func((x+h),(y+c*k2+d*k3)),
y += (k1+2*b*k2+2*d*k3+k4)/6;
cout.setf(ios::fixed,ios::floatfield);

Il Density of nitrobenzene
Il Molecular weight of nitrobenzene in kg/mol

I Determination of interfacial area

Il Equilibrium solubility of nitrobenzene
I Initial volume of aqueous phase

Il Infinite volume of aqueous phase

I Value of mass transfer coefficient

Il Initial condition

I Final time

/I Number of divisions

cout<<setprecision(0)<<(x+h)<<setw(15)<<setprecision(2)<<(y)<<endl;
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x += h;
}
}
The output for the aforesaid program is given below.
Time NB Time CRB Time CiB Time ClB
(s) (mol/ m°) (s) (mol/ m°) (s) (mol/m3 ) (s) (mol/m3 )
30 118.41 780 1914.46 1530 2748.64 2280 3236.84
60 231.03 810 1959.11 1560 2773.01 2310 3252.18
90 338.30 840 2002.52 1690 2796.89 2340 3267.27
120 440.63 870 2044.72 1620 2820.28 2370 3282.11
150 538.35 900 2085.78 1650 2843.21 2400 3296.71
180 631.81 930 2125.74 1680 2865.68 2430 3311.08
210 721.29 960 2164.64 1710 2887.71 2460 3325.22
240 807.05 990 2202.53 1740 2909.31 2490 3339.13
270 889.34 1020 2239.45 1770 2930.49 2520 3352.82
300 968.38 1050 2275.44 1800 2951.27 2550 3366.30
330 1044.36 1080 2310.52 1830 2971.66 2580 3379.57
360 1117.47 1110 2344.75 1860 2991.66 2610 3392.63
390 1187.89 1140 2378.14 1890 3011.30 2640 3405.49
420 1255.75 1170 2410.73 1920 303057 2670  3418.16
450 1321.21 1200 2442.55 1950 3049.49 2700 3430.63
480 1384.40 1230 2473.62 1980 3068.06 2730 3442.92
510 1445.45 1260 2503.98 2010 3086.31 2760 3455.02
540 1504.46 1290 2533.64 2040 3104.23 2790 3466.94
570 1561.53 1320 2562.64 2070 3121.83 2820 3478.68
600 1616.78 1350 2590.98 2100 3139.12 2850 3490.26
630 1670.28 1380 2618.71 2130 31566.12 2880 3501.66
660 1722.13 1410 2645.82 2160 3172.82 2910 3512.90
690 1772.40 1440 2672.36 2190 3189.24 2940 3523.97
720 1821.17 1470 2698.33 2220 3205.37 2970 3534.89
750 1868.50 1500 2723.75 2250 3221.24 3000 3545.65
B.2 Modeling of mass transfer with chemical reaction

(supplementary information of Chapter 5)

The model developed in the Chapter 5 for mass transfer with chemical reaction was

solved numerically using Runge-Kutta-Gill method. Using this model, the concentration

prOﬁle

s of the reactants and the products as well as the conversion profiles of the reactants in

the aqueous phase during nitration can be predicted. For the heterogeneous nitration of

TH-1860 Rahaman
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nitrobenzene at 298 K using 14.8 kmol/m’ concentration of sulfuric acid, a typical C++

program and computational output are shown below.

Il Program for solving a set of ODEs by Runge-Kutta-Gill method
Il Modeling of mass transfer with chemical reaction

Il Determination of concentration profiles of reactant and product, and conversion profiles of
Il nitric acid

Il Concentration of sulfuric acid = 14.8 kmol/m3; Temperature = 298 K

# include <iostream.h>

# include <math.h>

# include <fstream.h>

# include <iomanip.h>

class s_ode

{

private:
inti,j, I, n;
double a, b, ¢, d, h, x, x1, i, xf;
double a1, k2, KI, mol_wt_NB, density_NB, ca0, area;
double vol_inf, vol_h2so4, vol_hno3, vol_agq, eqim_sol;
double *b1, *b2, *b3, *g. "y, *y1;

public:
s_ode ()

{

a= (sqrt(2)-1)/2; b = (2-sart(2))/2;
c = -sqrt(2)/2;d = 1+sqrt(2)/2;
area = 3.1416*pow(0.09,2)/4.0;

k2 =0.7e-6; I Value of rate constant
kI =0.65e-5;

density_NB =1200;
mo|__wt_NB =0.123;

al= mol_wt_NB/density_NB;

Il Value of mass transfer coefficient
Il Density of nitrobenzene

Il Molecular weight of nitrobenzene in kg/mol

egim_sol = 722.4,

Il Equilibrium solubility of nitrobenzene
vOLh2304 = 300e-6;

Il nitial volume of sulfuric acid
yol_hno3 = 42 .6e-6, Il Initial volume of nitric acid
vol aq = vol_h2so4 + vol_hno3;

ol inf = (vol h2so4 / (1 — (eqim_sol*a1))), Il Infinite volume of aqueous phase
\Y] | —
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ca0 = 0.667/vol_aq; I Initial concentration of nitric acid
}

void func(double p, double *q, double *r) /IODEs

{

r[0] = (kI'area*eqlm_sol*vol_inf‘pow((1-a1*q[O]),3)/pow(vol_aq,2))-(((kl*area*(1-
(a1*q[0]))/vol_aq)+(k2*q[1]))*(1-(a1*a[0]))*al0]);

r(1] = -(k2*q[1]*q[0])-(a1*q[1]*r[0}/(1-a1*q[0]));

r[2] = (k2*q[1]*a[0])-(a1*q(2]*r[0)/(1-a1*q[0])):

}

void solution (); /{Function for implementing the Runge-Kutta-Gill method
~s_ode () { delete b1, b2, b3, g, v, y1:}

|3

//main function
void main ()

{
s_ode multivar;
multivar.solution ();
}
void s_ode :: solution 0O
{

n=3; I/ Number of differential equations

b1 = new double[n];
b2 = new double[n];
b3 = new double[n];
g = new double[n];
y = new double[n];
y1 = new double[n];

| = 100; /I Number of divisions
xi = 0.0; y[0] = 0.0; y[1] = ca0; y[2] = 0.0; // Initial conditions
xf = 1800.0; I Final time
h = (xf-xi)l,
x = Xi;
for(i = 0; i<l; i++) Il Runge-Kutta-Gill method
{
for(j=0; j<n; j++)
{y101 =yl
x1 =X,
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func (x,y.g)
for(j=0; j<n; j++)
{
b1(i] = glil;
ylil = y10] + h*gliy/2;
}
x =x1 + h/2;
func (x.y.g);
for(j=0; j<n; j++)
{ b2[j] = glil;
ylil = y101+h*(@*b10}+b*glil);
}
func (x,y.g):
for(j=0; j<n; j++)
{
b3[j} = glil:
ylil = y1lil+h*(c*b2[]+d*gli);
}
x=x1+h;
func (xy.9):

for(j=0; j<n: j*++)

{ yli] = y101+h* (b1 []+glil+2*(b*b2(]+d*b3[])V6: }

cout.setf(ios::ﬁxed.ios::ﬂoatﬁeld);

cout<<setprecision(0)<<x<<setw(1 5)<<setprecision(2)<<y[0]<<setw(15)<<setprecision(2)<<y
1]<<setw(1 5)<<setprecision(2)<<y[2]<<setw(1 5)<<setprecision(2)<<(1-(y[1])/(ca0*(1-

at1*y[0]))))*100<< endl; // Qutput statement
}
}
The output of the aforesaid program is given below.
. 3
Time (s) Cnp (mol/m’)  Cyno, (mol/m’)  Cpyp (mol/m’)  Xpno, (%)
18 1.46 1946.57 0.02 0.00
36 2.89 1946.23 0.07 0.00
54 4.28 1945.86 0.16 0.01
72 5.63 1945.47 0.28 0.01
90 6.94 1945.06 0.43 0.02
108 8.22 1944 62 0.62 0.03
126 9.46 1944.15 0.84 0.04
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Time (s) Cnp (mol/m?) ChnNo, (mol/m’) Cpnp (mol/m?) XuNo, (%)
144 10.67 1943.66 1.08 0.06
162 11.85 1943.15 1.36 0.07
180 13.00 1942.62 1.66 0.09
198 14.12 1942.06 2.00 0.10
216 15.21 1941.49 2.35 0.12
234 16.26 1940.89 274 0.14
252 17.30 1940.28 3.15 0.16
270 18.30 1939.64 3.58 0.18
288 19.28 1938.99 4.04 0.21
306 20.23 1938.32 4.52 0.23
324 21.15 1937.63 5.03 0.26
342 22.05 1936.92 5.56 0.29
360 22.93 1936.20 6.10 0.31
378 23.79 1935.46 6.67 0.34
396 24.62 1934.70 7.26 0.37
414 2543 1933.93 7.87 0.41
432 26.22 1933.14 8.50 0.44
450 26.99 1932.34 9.16 0.47
468 27.73 1931.53 9.81 0.51
486 28.46 1930.70 10.50 0.54
504 29.17 1929.86 11.20 0.58
522 29.86 1929.00 11.91 0.61
540 30.54 1928.14 12.65 0.65
558 31.19 1927.26 13.40 0.69
576 31.83 1926.36 14.16 0.73
594 32.46 1925.46 14.94 0.77
612 33.06 1924.55 15.73 0.81
630 33.65 1923.62 16.54 0.85
648 34.23 1922.68 17.36 0.89
666 34.79 1921.74 18.20 0.94
684 35.34 1920.78 19.04 0.98
702 35.87 1919.81 19.90 1.03
720 36.39 1918.84 20.78 1.07
738 36.90 1917.85 21.66 1.12
756 37.39 1916.86 22.56 1.16
774 37.87 1915.85 23.47 1.21
792 38.34 1914.84 24.38 1.26
810 38.80 1913.82 25.31 1.31
828 39.24 1912.79 26.25 1.35
864 40.10 1910.71 28.16 1.45
882 40.51 1909.66 29.13 1.50
900 40.92 1908.60 30.11 155
918 41.31 1907.54 31.10 1.60
936 41.69 1906.47 32.09 1.66
954 42.06 1905.39 33.10 1.71

972 42.43 1904.30 34.11 1.76
990 4278 1903.21 35.13 1.81
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Time (s) CNB (mol/m3 ) CHNO3 (mol/ m3) CbNB (mol/m3) X HNO,4 (%)
1008 43.13 1902.11 36.16 1.87
1026 43.47 1901.01 37.19 1.92
1044 43.80 1899.90 38.24 1.97
1062 44 12 1898.78 39.29 2.03
1080 44 .44 1897.66 40.35 2.08
1098 4474 1896.54 41.41 2.14
1116 45.04 1895.41 42.48 2.19
1134 45.34 1894.27 43.56 2.25
1152 45.62 1893.13 44.64 2.30
1170 45,90 1891.98 45.73 2.36
1188 46.17 1890.83 46.83 2.42
1206 46.44 1889.68 47.93 247
1224 46.70 1888.52 49.04 2.53
1242 46.95 1887.36 50.15 2.69
1260 47.20 1886.19 51.27 2.65
1278 47.44 1885.02 52.39 2.70
1296 47 .68 1883.84 53.52 2.76
1314 47.91 1882.66 54.65 282
1332 48.14 1881.48 55.79 288
1350 48.36 1880.29 56.93 294
1368 48.57 1879.11 58.08 3.00
1386 48.78 1877.91 59.23 3.06
1404 48.99 1876.72 60.38 3.12
1422 49.19 1875.52 61.54 3.18
1440 49.39 1874.31 62.71 3.24
1458 49.58 1873.11 63.87 3.30
1476 49.77 1871.90 65.04 3.36
1494 49.95 1870.69 66.22 3.42
1512 50.14 1869.47 67.40 3.48
1530 50.31 1868.26 68.58 3.54
1548 50.49 1867.04 69.76 3.60
1566 50.65 1865.82 70.95 3.66
1584 50.82 1864.59 72.14 3.72
1602 50.98 1863.37 73.34 3.79
1620 51.14 1862.14 74.53 3.85
1638 51.30 1860.91 75.73 3.91
1656 51.45 1859.67 76.94 3.97
1674 51.60 1858.44 78.14 4.04
1692 51.75 1857.20 79.35 4.10
1710 51.89 1855.96 80.56 4.16
1728 52.03 1854.72 81.78 4.22
1746 52.17 1853.47 82.99 4.29
1764 52.30 1852.23 84.21 4.35
1782 52.44 1850.98 85.43 441
1800 52.57 1849.73 86.65 4.48
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ERROR ANALYSIS

The error in experimentally-measured quantities is important as it determines the
accuracy of the calculation. In conducting an experiment, one generally encounters three
types of errors: (i) human error, (ii) systematic error, and (iii) random error. Human error
occurs when the experimenter makes a mistake. Therefore, it is experimenter’s error.
Systematic errors are the results of inappropriate experimental apparatus, faulty assumptions
or improper analysis techniques. Random error results from random variation in the precision
of measuring devices, and the slight variations that occur in successive measurements by the
same observer under nearly identical conditions. In this work, care was taken to eliminate
human and systematic errors by suitably designing the experiments and adopting appropriate
methods for the analysis of samples. Random error cannot be eliminated. They can only be
minimized by using the most accurate measuring devices and techniques available. The focus
of the error analysis presented here is on the random errors in experimentally-measured
quantities, and their contribution in the estimation of the overall error in the parameter, which
is calculated from these measurements.

If a measurement is repeated in independent and unbiased ways, the results of the
measurements will be slightly different each time. A statistical analysis of these results gives
{he “best” value of the measured quantity, and the “best” estimate of the uncertainty to be

qssociated with that result. The usual method of determining the best value is to compute the

«mean value” of the results.
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If x, vy, o , Xy are the N results of the measurement of the quantity v, then the

mean value of x, usually denoted as X, is defined as,

B R S IR
Ty N2 (.1

H . .. _ _ ) . . "
The uncertainty in the result is usually expressed as the “root-mean-squared deviation

(RMSD) which is also called the “sample standard deviation” (SSD). The sample standard

puted by the following equation.

\/Ec,—i’)2+(x2—f)2+"‘+(-"N"-‘T)2 (C.2)

N-1

deviation is com

S =
Tl aple standard deviation is generally accepted as the “best” estimate of the
1e san
% of error of estimation can be calculated
‘tai From the value of s, the %
measurement uncertainty.

by using the following equation.
s
% oferror=(¥] x 100 (C3)
S typical values of RMSD for experimental measurements carried out in the present
" Some

} presented in this appendix. A typical RMSD for the measurement of solubility of
work are

. obenzene in 15 3 kmol/m3 sulfuric acid at 298 K is shown in Table C.1. Table C.2 shows
nitrobe .
the RMSD and the % of error for the solubility of sulfuric acid in the organic phase at 15.6
1e
kmol/m> of sulfuric acid concentration at 298 K. RMSD values for experimental measurement

of the distribution of isomers of dinitrobenzene at 17.1 kmol/m® sulfuric acid concentration at

298 K are shown in Table C.3.
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Table C.1 RMSD for measurcment of solubility of nitrobenzene in the sulfuric acid

Solubility of nitrobenzene in _ % of
Run o 3 X s
sulfuric acid (mol/m”) error
1 1420.16
2 1405.18 1406.86 12.54 0.89
3 1395.25

Table C.2 RMSD for measurement of solubility of sulfuric acid in the organic phase

Solubility of sulfuric acid in the - S % of
Run ]
organic phase (mol/m?) error
1 224 .38
2 216.80 222.86 5.46 2.45
3 227.40
Table C.3 RMSD for measurement of distribution of dinitrobenzene isomers
Isomers of Distribution of isomers (mol %) % of
dinitrobenzene o § error
Run 1 Run 2 Run 3
1,4-dimtrobenzene 1.03 1.01 1.00 1.01 0.02 1.51
1,3-dinitrobenzene 91.64 91.66 91.63 91.64 0.02 0.02
1,2-dinitrobenzene 7.33 7.33 7.39 7.35 0.03 0.47
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