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Abstract

A Confined Impinging Jet Reactor (CIJR) was used to react 4, 4’-methylene
dianiline (MDA) with hydrogen chloride (HCI) in order to study formation of
the aminehydrochloride (AHC) salts, unwelcome byproducts in the

manufacture of polyurethanes.

The effects of several processing variables (local concentration of MDA and
HCI and the intensity of local mixing) on the formation of AHC salts were
studied. The precipitated solids were characterized using a wide range of
analytical techniques: elemental analysis, FTIR, TGA, DSC, optical microscopy,
SEM and EDX. The effects of each process variable on the solid compounds
and composition, thermal properties, morphology and average particle size

are discussed.

Results show that formation of AHC salts more than anything depends on
local concentration of MDA and it dominates the structure of product in
terms of formation of MDA.HCl or MDA.2HCI. Mixing intensity affects product

purity of and evenness of shape and average size.
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1 Introduction

1.1 Polyurethanes

Polyurethanes (PU) are a class of common industrially produced materials
that are ubiquitous in our everyday lives. Although knowledge of market size
is difficult to estimate with great accuracy, the total size of PU industrial
activity was approximately 8 million tons in 2000 [1]. During WWII the
reaction was very useful to German scientists allowing them to produce
adhesives, coatings, drying oils for paints and foams. Since then the
polyurethane world market has grown enormously [2]. In the near future
much of the growth is expected to be generated within developing
economies. The largest volume participation is, in order of market size: 1)
furniture and bedding, 2) building and construction, 3) CASE (coatings,
adhesives, sealants, and elastomers), 4) appliances, 5) automotive seating,
and 6) footwear [3]. There are also numerous other smaller applications.
Polyurethanes have also found medical uses as catheters and artificial heart-
assisting devices, most commonly made from flexible (MDI) derived

polyurethanes.

Urethanes were first discovered by C. A. Wurtz (1848) when he reported the
first synthesis of an organic isocyanate, but later in the 1930s diisocyanates
became commercially important when the addition polymerization of
difunctional isocyanates and polyols to produce polyurethanes was

discovered by O. Bayer and coworkers in Leverkusen, Germany [4].

The richness of polyurethane chemistry has allowed for a tremendous
amount of chemical exploration and innovation. Over the past couple of
decades, the rapid improvement in analytical techniques has vastly improved
our knowledge about polyurethane phase structure and the underlying

factors that affect it. This underlying structure is the basis for the resulting

1



useful broad range of properties we take for granted in our day-to-day lives

[1].

1.2 Manufacturing Polyurethanes
1.2.1 Isocyanates

[socyanates represent a class of chemicals that are characterized by their
high reactivity and their versatility. This combination of positive attributes
has contributed greatly to the broad application of polyurethane materials,
but is part and parcel of the complications associated with isocyanates. The
most chemically relevant attribute of isocyanate chemistry is its reactivity

with other molecules having active hydrogen atoms.

Such active hydrogen atoms are typically found on molecules having alcohol
and amine functionalities and also water. Since addition polymerization
requires that monomers be able to propagate a chain by undergoing multiple
reactions, polymerizable isocyanate monomers have at least two isocyanate
functionalities. The growth of polyurethane technology has been associated
with the ability to produce isocyanate monomers at low cost. The low cost
requirement has driven the chemistry to employ available and low cost
building blocks and industrial production has been optimized to an
exceptional extent. The two highest volume diisocyanates are based in one
case on toluene to make toluene diisocyanate (commonly referred to as TDI)
and in the other case on aniline and formaldehyde to make methylene bis

(phenyl diisocyanate) (commonly referred to as MDI)[1].

Methylene diphenyl diisocyanate (MDI) and toluene diisocyanate (TDI) are
the major isocyanates used to make polyurethanes [5]. They dominate the
global annual isocyanates production of 4.4 million tonnes, having respective
shares of 60 and 34%. The furniture industry mainly uses polyurethanes

based on TDI whereas most other applications use MDI polyurethanes.[6]



The primary intermediate for MDI is methylene dianiline (MDA), also

referred to as diamino diphenyl methane (DADPM), all shown in Figure 1-1.

More than 2 million tonnes of MDA was produced in Europe and the USA

annually by 2000.[7]

NH,

Tn_«, l
X NCO O A~ Uj\ O
OCN = ~Z > Neo NH

>
Figure 1-1- Left: TDI, Middle: MDI, Right: MDA

2

OCN

1.2.2 Industrial Isocyanate Synthesis

The production chain to polyurethanes using TDI and/or MDI is portrayed in

Figure 1-2. The MDI route is discussed in more detail because the side

reaction in the phosgenation step of MDI synthesis is the focus of this

research project.

e MDI
JNO—’ NCO NH
DI o _
CH, CH CH, PN </“ W KH
N N, L L neo pe— \—/ A
T " ] e s
= / - |/ — [/ ™ - L
[ coo,  HO | He [Ty HO cony \
NO NH, NCO b /4
) 3 CO\- ¢, _),,/ W /\ \i_ o : /
NCO B NH

Polyurethanes

Figure 1-2- Industrial route to MDI and TDI [4]

Toluene is the primary raw material for industrial TDI manufacture. The

classical dinitration of toluene with mixed acid produces a mixture of the 2,4-



and 2,6-dinitro isomers in a ratio of 80:20. Catalytic reduction of these
derivatives under hydrogen pressure leads to the corresponding diamines

TDA, which are subsequently treated with phosgene to give TDI [4].

In industrial MDI manufacturing, benzene is first nitrated to
mononitrobenzene in a heterogeneous liquid-liquid reaction using sulfuric
acid as a catalyst. The nitration of benzene is highly exothermic with a heat of
reaction of -117 k] mol-1. An adiabatic process uses this heat to remove water

from the reaction mixture, the final temperature reaching 393-403 K [8].

Catalytic hydrogenation of nitrobenzene to aniline is highly exothermic (-443
k] mol-1) and normally carried out over a solid supported Cu or Ni catalyst in

the gas phase [9].

Aniline is reacted with formaldehyde and stoichiometric amounts of
hydrochloric acid at 333-353 K to produce MDA. 4,4-MDA production is
favored by high aniline to formaldehyde ratios and low temperatures [7].
Other isomers are also formed, 3-5% of the product mixture is the 2,4"- and
2,2’-isomers, and 20-25 % is the higher molecular weight polymeric MDA
[11].

The phosgenation of MDA to MDI occurs in the liquid phase either in a
sequence of agitated vessels or a continuously operated series of towers at
normal or slightly elevated pressures and temperatures (293 - 453 K). An
excess of phosgene (50 - 200%), high dilution, and intense mixing of the
reagents allows the reaction to proceed without the need for a catalyst [8].
However, this reaction first forms a carbamyl chloride and HCI, which then
decomposes to form the desired MDI and more HCl. Removal of excess
phosgene and distillation produces pure MDI [2]. Alternative, phosgene free,
heterogeneously catalyzed routes to produce MDI have been investigated but

not adopted in industry, mainly due to catalyst instability and poor selectivity

8].



Monomeric MDI is obtained from PMDI by continuous thin-film distillation.
The residual crude oligomeric isocyanate product (PMDI) is used mainly in
the production of rigid polyurethane or polyisocyanurate foams that usually

find use in insulation, construction, or automotive applications [4].
1.2.3 Polyurethane Market

Polyurethanes have found many applications in recent years (reported in
2000); the furniture industry has the largest demand, accounting for 29% of
the total polyurethane produced globally, followed by the construction and
automotive sectors both using 18%; insulation applications and footwear
constitute most of the remainder. As an example of their versatility, the
automotive industry puts a variety of polyurethane types to use, flexible
foams in car seats and head rests, semi-rigid foams in energy absorption
parts, integral skin foams in bumpers, dashboards and steering wheels; and
polyurethane based coatings which can provide enhanced corrosion and

impact resistance of lacquers [2].

In 1998 the worldwide consumption of plastics was estimated at 150 Mt/a, of
which PU-based materials accounted for 5% (7.5 Mt/a). Total consumption of
diisocyanates in 2000 exceeded 3.4 Mt. The total size of PU industrial activity
is expected to grow to 9.6 million tons by 2015[1]. After years of providing
polyurethane precursor materials such as MDI, TDI, or polyols, polyurethane
producers appear to be moving towards becoming fully integrated
polyurethane providers, with the acquisition of ICI’s urethane business by
Huntsman and, more recently, Bayer’s acquisition of Lyondell’s polyols
business. The companies are making their moves as the polyurethane

industry undergoes an extended period of growth [3].

Present day polyurethane technology is highly optimized and widely
disseminated. Current trends in polyurethane technology generally focus on
correcting perceived deficits in current practice. These include applications

of alternative feedstocks, improving environmental, health, and safety
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profiles, incremental improvements in properties by design of polymer

structure, and employing efficiencies to further reduce cost.

1.2.4 A Problem Encountered in Isocyanate Synthesis

During the industrial manufacture of methylene diphenyl diisocyanate (MDI)
(C15sH10N202), a complicating feature of the phosgenation of MDA process in a
solvent such as chlorobenzene is the formation of unwelcome amine

hydrochloride (AHC) salts [11].

In this undesired side reaction hydrogen chloride (HCI) is formed as a by-
product by the phosgenation of polymeric amines and also by the subsequent
decomposition of the carbamyl chloride. “HCl readily reacts with the
polymeric amine to form an unwanted and highly insoluble amine
hydrochloride salt.” The reaction between amines and HCI in the solution
phase to form an amine hydrochloride is a side reaction in the manufacture
of isocyanates which causes loss of starting material and can also require

extensive reprocessing [12].

1.3 Aminehydrochlorides

Amine hydrochlorides, as a group of compounds, are useful, especially in the
pharmaceutical industry. Approximately half of the compounds used in
medicine are administered as salts with over 40% of these being
hydrochlorides. “Their common therapeutic use is due to the physiological
acceptability of the CI- ion and ready availability of hydrochloric acid.”
However, their bioavailability may not always be as good as other salt forms
due to the high concentration of Cl- ions found in the gastrointestinal fluid

which would limit the solubility of these hydrochloride salts [13].

AHCs are a major problem in the manufacture of isocyanates, as they cause

loss of starting material and costly reprocessing. The more basic the amine is,

6



the greater this problem becomes, as the amine hydrochlorides that are
produced are less soluble than their less basic counterparts [2]. Investigation
of the hydrochloride salts and their back reaction to form the amine starting

material is the focus of this project.

As far as we could determine, there was not any open literature published
reporting the characteristics of these AHC salts, except for the publications of
Emma K. Gibson et al. [11, 12, 14] which are used in many sections of this
project. Chapter 3 provides characteristics of methylene dianiline
dihydrochloride (MDA.2HCI) and methylene dianiline monohydrochloride
(MDA.HCI), the main AHC salts made by the mentioned side reaction.

1.4 Mixing and Micromixing

“Mixing is a broad, generic term, which obviously includes reducing the
variability of concentration, temperature, and so forth.” [15] It is essential to
understand mixing when considering the product distribution of many fast
multiple reactions. “The ability to influence the yield of a reaction product
not only by chemical means (catalysis, solvent, reagent stoichiometry,
temperature, etc.) but also by physical means (agitation intensity, reactor
type, viscosity of solvent, rate and location of adding reagents, etc.) is
economically and ecologically significant.” [15] In addition to considering
homogenization, it is helpful to regard the scale at which variability exists

and the rate at which various mixing mechanisms reduce variability.

“The way in which reagents are mixed can have a large influence on the
product distribution of a complex chemical reaction.” [16] This effect has
been analyzed in detail when mixing on the molecular scale (micromixing or
mixing in the viscous-convective and viscous-diffusive parts of the
concentration spectrum) is the controlling mixing step [17]. In liquids,
micromixing takes place by molecular diffusion, laminar deformation of
striations below the Kolmogorov scale and the mutual engulfment of regions

having different compositions leading to growth of the micromixed volume.
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“Reaction is a molecular-scale process and micromixing should always be

considered, although mixing on a larger scale can also be controlling.” [16]

In a general concept of mixing, three phases can be distinguished, namely (i)
large scale mixing, (ii) meso-mixing, and (iii) micro-mixing [18, 19]. While
large scale mixing, sometimes referred to as macro-mixing, is determined by
the large scale motions of the turbulent flow field and the scalar integral scale
(e.g. the initial conditions), meso-mixing is the process of reducing the scalar
length scale down to the length scale range between the Kolmogorov and the
Batchelor scale, the latter being determined by the Schmidt number.
Molecular mixing or so-called micro-mixing is defined as the destruction of
concentration fluctuations by molecular diffusion [18]. The large scale
turbulent motions are a result of the large scale instabilities of the flow
occurring in the specific geometry under specific flow conditions. Thus they
are, along with the initial conditions of the scalar field, determined by the
mixer design. The small scale motions are produced by the large scale
motions in a cascade process, during which the individual characteristics of
the large scales are mainly lost. Consequently, they are considered to assume
a universal behavior which can be described by the theory of isotropic
turbulence (Kolmogorov, 1941). “The total mixing time tm is the total time
required to reduce the initial spatial segregation of the reactants over the
cascade of macro-mixing, meso-mixing, and micro-mixing down to a

molecular segregation scale where the reactants can react.” [21]

To have a better understanding of mixing mechanisms in a simple stirred
vessel, as an example, macromixing refers to attaining homogeneity at the
scale of the vessel. At the opposite extreme, chemical reaction and its
precursor, molecular diffusion, are molecular-scale phenomena. Between
these limits two further scales (micro- and meso-) have been identified and
will subsequently be explained. In the context of a particular problem it is
usually necessary to decide which scale and mixing mechanism determines

the final product distribution. Some mixing times in large reaction vessels are
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longer than at the laboratory scale, and the most relevant mixing mechanism
can be scale-dependent, making such reactions more difficult to scale-up

while securing constant product yield and quality [15]

To minimize the process sensitivity to mixing, one must bring the mixing
characteristic times, including macromixing, mesomixing, and micromixing,
below the characteristic time of the process. Macro-mixing occurs on the
scale of the vessel, meso-mixing on the scale of the intermediate turbulent
eddies, and micro-mixing on the scale of molecular diffusion in stretching

fluid lamellae [17,18, 22].

1.5 Mixing and Reaction

“Many desirable organic reactions are accompanied by side reactions and
undesired by-products, which waste raw materials and complicate product
work-up and isolation. By enhancing the competition between reactions to
obtain more selective syntheses, ecological and economic benefits may be
expected. The most effective way to do this is usually catalysis. Recently,
however, more has been learned about the role of reactive mixing, which
refers here to bringing reagents together on the molecular scale. When
chemical knowledge (especially reaction kinetics and physical organic
chemistry) is combined with that of mixing, significant improvements to the

selectivity of some syntheses can be achieved.”[15]

Comparing time constants, or characteristic times, for mixing and reaction is
a practical framework for classifying mixing-sensitive reactions. Take two
simple examples to compare: A neutralization time constant is orders of
magnitude shorter than that for mixing; mixing is rate-determining, and
neutralization is instantaneous relative to mixing. Ester hydrolysis, on the
other hand, is the opposite: reaction kinetics determines its rate, and

hydrolysis is slow relative to mixing [15].



Johnson and Prud’homme in 2003 reported a thorough report of examples of
mixing-sensitive processes initiated by the combination of two fluid streams
[31]. In all of these cases, the process kinetics and resulting product quality
can be determined by the rate and intimacy of contacting two initially

separate fluids [31].

By faster mixing, the observed rates of single mixing-controlled reactions,
which are the most common case in organic material synthesis, can be
significantly increased, thus saving time and reducing reactor volume. In the
case where the possibility of multiple reactions taking place in a system
exists, mixing can influence not only reaction rates but also the distribution
of reaction products. “In some cases mixing can raise product yields,
suppress by-product formation, simplify product isolation and purification,
and improve conversion of raw materials to products. Such practical
considerations dictate that this text treats the influence of mixing on the
product distribution of multiple liquid-phase reactions, typically taking place
in a solvent and in a semi-batch reactor. The product distributions of
sufficiently fast reactions respond similarly to inadequate mixing rates
irrespective of whether the reagents are fully miscible (single-phase

reactions) or partially miscible (two-phase reactions).” [15]
1.5.1 Precipitation Reactions

“Precipitation typically consists of (turbulent) mixing of two liquid streams
and, therefore, mixing affects generation of super-saturation (S), influences
its redistribution, and causes transport of previously formed particles in
regions of high supersaturation.”[32] Precipitation is the result of several
mechanisms, namely, nucleation, molecular growth, and secondary
processes, such as aggregation (or agglomeration) and breakage, and the
driving force is super-saturation [33,34]. Small particles are produced by

high nucleation rates, which can be obtained if high mixing rates are realized.
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“Since precipitation processes are very fast, the effect of mixing is significant
down to the micro-scale level and, therefore, nanoparticles can be produced
in mixing devices characterized by extremely short contact and mixing time

scales.” [32]

Supersaturation and Nucleation

To obtain very fine particles through a fast precipitation reaction, high
supersaturation is necessary. Fast mixing in a fast precipitation reaction
generates high local supersaturation, inducing rapid nucleation and
facilitating small particle precipitation [35,36,37,38]. Supersaturation is
created by mixing of controlled chemical reaction, it is consumed by
precipitation; and also decreased due to mixing with a less supersaturated
environment. The supersaturation distribution determines the local rates of
nucleation and growth and strongly affects agglomeration processes because
the supersaturated solution supplies the material necessary to bond colliding

particles [34].

Nucleation step is the formation of the solid phase and occurs when a critical
number of molecules join together to form an embryo. Then, stable embryos
form nuclei that grow into bigger particles through molecular growth.
“Nucleation and growth are competing phenomena since both consume
solute molecules and, therefore, particle size is the result of this competition.
Very small particles are produced by high nucleation rates whereas, on the

contrary, big particles are produced by low nucleation rates.” [32]

Growth and Agglomeration

Both local nucleation rates and nucleic growth depend on local reactant
concentration, and increase with an increase in concentration. The reagent

concentration corresponding to the critical supersaturation, Scrit (minimum
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required for nucleation) and above is released via nucleation while the

remaining supersaturation (1 < S < Scrit) is used for growth [36].

Mersmann (1995) and Bramley et al. (1996) have argued that under
supersaturation conditions particles grow before they agglomerate.
Mersmann (2001) reports that particle growth can be considered to be
diffusion-controlled at high supersaturation. Schwarzer et al. (2004),
however, reported that particle growth could be considered to be transport-
controlled at high supersaturation, though it may not be purely diffusional
due to electrostatic attraction/repulsion and the transport of the ionic

species through particle charging [39].

Aggregation (or agglomeration) and breakage are defined as secondary
processes since they are characterized by slower rates and, as a consequence,
usually occur after particle formation; moreover, they do not consume solute
molecules, leaving unchanged the total particle mass [32]. Bramley et al.
(1996) and Mersmann (1995) have reported that agglomeration during a
precipitation reaction in a supersaturated environment involves particle
growth and bridge formation which occur simultaneously. Schwarzer and

Peukert (2005) stated that agglomeration occurs after solid formation.

Mersmann (1995) has argued that for agglomeration of particles, particles
need to be brought close together by diffusion and/or convection, collide,
stay together for a sufficiently long time (contact time) and then successfully
stick together. It is to be noted that growth and bridging may be extremely
fast processes and may be happening simultaneously. Both rates are dictated
by the local supersaturation and significant particle agglomeration has been
observed by Baldyga et al. (2002) at large reactant concentration. In a
turbulent flow, turbulence brings about collisions, with fluid viscosity,
particle-number density, particle size, and supersaturation determining the
time of contact and successful ‘sticking’ of particles. “Under turbulent flow

conditions, where the shear forces are very high, the weaker or incompletely
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bridged particles/aggregates may break giving smaller agglomerates
(Mersmann, 2001). Particles would agglomerate if they were in contact for a

time longer than the time required to form material bridges.” [39]

At low supersaturation the effects of agglomeration are usually negligible,
and the crystal size distribution is mainly affected by competition between
creation and consumption of supersaturation. At higher super-saturation the

process is dominated by agglomeration [34,44].

The turbulent agglomeration (collision) frequency increases with particle
sizes and is significantly large for micron size or bigger particles. Siddiqui et
al,, 2009, found that agglomeration is largely turbulence-induced at the scale

of the hard agglomerates [39].

From an understanding of mixing, nucleation theory, diffusional growth of
particles and its effect on supersaturation, one can infer that both mixing and
reactant concentration will have a significant effect on the agglomeration of
primary particles which in turn depends on their size, and that a close

interrelationship exists between the various steps in the process.

Turbulent mixing is of great importance in process engineering because it
can considerably influence product properties [18,19]. When the chemical
time scales tr are in a similar range or faster than the turbulent time scales,
the turbulent mixing determines the reaction rate and thus has a dominating
influence on all subsequent steps as e.g. nucleation, growth, agglomeration,
and aggregation in a precipitation process. “Controlling the mixing process is
therefore the key technology in process engineering of a wide class of

products.” [21]

In recent years there has been a growing interest in production of particles
with size in the sub-micron range (40-200 nm) on an industrial scale. This
can be done by controlling particle formation in order to nucleate very small

particles and produce stable suspensions. [32]
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1.6 Jet Mixers and Confined Impinging Jet Reactor (CIJR)

Since precipitation at high supersaturation is often very fast, rapid mixing is
very important. The role of mixing is very complex and usually it is difficult to
predict it a priori, however, it has been shown that submicron particles with
narrow particle size distribution can be obtained only working under
extremely high mixing rates [32]. In fact, it is only under these operating

conditions that nucleation is favored over molecular growth.

Although precipitation reactions have traditionally been carried out in
stirred tanks, impinging jets have caught attention in recent years. Impinging
jets offer a better choice over stirred tanks due to their fast, efficient, intense
and continuous mixing characteristics [45]. The high mixing rates required
by precipitation reactions can be readily achieved in confined impinging jet
reactors that consist of a small cylindrical chamber, where an impinging
plane is originated by the collision of two inlet streams, creating a region
characterized by fast production and dissipation (g) of turbulent Kkinetic

energy where the scale of segregation decreases rapidly [38].

L

—» -

Figure 1-3- Schematic of a CIJR

When the chemical time scales are small, confined impinging jet reactors
(CIJR) are often used as they are capable of achieving rapid mixing. This
configuration usually consists of two opposing feeding pipes or ducts

opening in a main duct under different angles, leading to two impinging jets
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in a confined space. Speed and efficiency of the mixing in such a device are
determined by the characteristics of the flow, e.g. the Reynolds number, the
inflow conditions and the mixer geometry. By changing these process
parameters the product properties might be adjusted to the desired values,

e.g. the size and size distribution of particles in a precipitation process [46].

Impinging jets consist of two high velocity linear jets of fluid that collide to
rapidly reduce the scale of segregation between the fluid streams. They have
been shown to be successful at the production scale for several processes
[24,48,49,50]. In confined impinging jets, the chamber size affects the
process performance of the mixer. Impinging jets can deliver mixing times
less than the characteristic process time for fast precipitation processes [28].
The key to rapid mixing is twofold: (1) produce a region of high turbulent
energy dissipation; (2) ensure that the process streams for mixing pass
through the high intensity region without bypassing. The first criterion
ensures the proper scale of mixedness and the second ensures that the
desired molar flow ratios are preserved during the rapid mixing process.
High energy dissipation occurs for impinging jets because the kinetic energy
of each jet stream is converted into a turbulent-like motion through a

collision and redirection of the flow in a very small volume [31].

The essential rapid mixing of reagents is brought about by high local energy
dissipation in the CIJR [45]. Mixing facilitates built-up of local
supersaturation which is discharged by rapid precipitate formation in a fast
chemical precipitation reaction. The faster the mixing is, the smaller the
particles [35,45]. Post nucleation, the remaining supersaturation is
consumed in particle growth and subsequent agglomeration of the
precipitated nanoparticles. This aggregational growth transforms

nanoparticles into submicron particles [45].

Recently CIJR’s have found many interesting applications. The ability of these

jet mixers to provide very efficient mixing performances is of paramount
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importance in the production of very fine particles. “In fact, in many particle
precipitation processes mixing plays a crucial role in determining the final

particle size distribution and therefore the final product quality.” [51]
1.6.1 The CIJR used in this research

The undesired side-reaction in manufacturing MDI, which is the reaction of
interest in this research project, is a precipitation reaction that produces
micron size aminehydrochloride particles. As discussed in the above
literature review, CIJRs can provide practical features such as high mixing
intensity for the study of precipitation reactions because mixing facilitates a
rapid build-up of local supersaturation that is discharged through
precipitation of nuclei from the liquid phase. Mixing can thus have a
significant effect on particle size and morphology, which was one of the main

aims of investigation in this research project.

Siddiqui et al.,, 2009, in a doctorate research conducted in this research
group, fully characterized an identical CIJR to the one used in this work over
a wide range of flow rates (50x variation) by measuring the dissipation, and
the yield of a homogeneous reaction. Operational limits were evaluated by
performing experiments at equal flow rates for all three performance tests
and unequal flow rates (up to a 30% difference) for the dissipation and the
product yield [39]. Although different reaction and operating conditions such
as pressure are used in this project, the previous work provides key data for

experimental design analysis.
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2 Experimental
2.1 Introduction

The experimental part of the project required strict safety considerations
because of the nature of the reagents. A Safe Work Procedure for this project
was submitted on the website of Department of Chemical and Material

Engineering, University of Alberta, and is available in the Appendices.

In the next sections, after an overview of the reaction, the Confined
Impinging Jet Reactor and schematic of the process are described. Analysis of
the solid product aminehydrochloride, AHC particles, was done using
different qualitative and quantitative techniques including elemental
analysis, FTIR spectroscopy and differential scanning calorimetry (DSC) to
define the components present in and the composition of the particles,
followed by scanning electron microscopy (SEM) and optical microscopy
studies to understand the morphology and average particle sizes of AHC

particles.

Section 2.6 provides the experimental design description where
experimental validation is covered in Section 2.7 in summary referred to the
detailed calculations in Appendices. A concise description of the considered
and selected analysis techniques is subject of the last section of this chapter,

Section 2.8.

2.2 Overview of the Reaction

As described in Chapter 1, in polyurethane synthesis there is a series of
undesired side reactions causing loss of the starting materials and very
expensive reprocessing. The side reaction involving MDA and gaseous HCl

which produces the AHC particles is the main focus of this project.

17



R—NH, + HCl > R — NH,.xHCl

In this reaction R is %2 of the MDA amine group and x is between 0.5 and 1.

The reaction was studied in a CIJR reactor with the MDA/MCB blend and
HCI/MCB reactant streams entering from opposite sides of the CIJR. The

product was analyzed using a range of analysis techniques.

2.3 CIJR Design and Specifications

Figure 2-1 gives an isometric view and full dimensions of the CIJR. This CIJR
is made of plastic (KEL-F and Lucite) with stainless steel plates and screws
on the sides. The total volume of the CIJR is 0.125 ml and the residence time
varies with flowrate from around 50 to 152 ms (for flowrate of 300ml/min

down to 100ml/min).

1 mm 1 mm

Figure 2-1-CIJR isometric and dimensions

A Confined Impinging Jet Reactor identical in size and design was
characterized and simulated by two former students in the group [39,45,52],

with parameters such as the local velocity in CFD simulations and the energy
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dissipation fully covered in these publications. One of the flowrates which is

used in the CIJR as the highest range, 300 ml/min produces the simulation

results in Figure 2-2. Reynolds number is calculated by the following

equation: Re

Figure 2-2-Mean velocity contours (m/s) in the CIJR simulation

__ PVjerd
u

for 300ml/min flowrate from [45]

Table 2-1-Simulation and Experimental data of CIJR
characterization from [45]

Parameter

Value for flowrate of 300 ml/min

Energy Dissipation Rate, € (W/kg)

Experimental: 1490

1 time step simulation: 1360

3 time step simulation: 1365

Maximum Velocity, Umax (m/s)

7.72

Simulated residence time peak, Tr.s

(ms)

56
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2.4 Experimental and Analysis Plan

Two major components of the experimental chapter are the experiment set-
up and the plan of the experiments which are needed to define the most
important process variables. Each variable has restrictions that define the
practical range. Most of the restrictions originate from the physics and
stoichiometry of the problem, and the equipment used in the set-up. A
schematic of set-up is shown in Figure 2-3 (with the full detailed set-up given

in Section 2.6).

MCB

)
14

Blend:
/\ HCl/MCB O\ /\ MDA/MCB
M CUR M

MCB Pump Blend Pump

HCl(g)

Products:
AHC/MCB
HCI

Cylinder

Figure 2-3- Schematic of the process

Initially, four different variables were identified: pressure, temperature,
reactant concentration and mixing intensity, which in this case is the flowrate
of the streams entering the CIJR. Simplified experiments and optical
microscopy images from the first set of products showed that temperature in

25-65°C range has no major effect on the precipitated particles.
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Difficulties in changing the variables such as the system pressure narrowed
the process variables down to three; concentration of the two feed streams
and flowrate of the feed streams. The pressure had to be maintained at 4 bar

to ensure that the HCl is fully dissolved in the MCB (see Appendix 2).

The first set of experiments showed that the MDA concentration dominates
the structure of the products. The solubility of MDA in MCB has an upper
limit of 6.5 wt% in standard condition (1 atm and 25°C). The HCI
concentration was set in terms of the percent excess HCI from 0% (no excess

gaseous HCl) up to 700% (8 times the stoichiometric requirement of HCI).

9% HCI _ Actual injected HCl — Required HCl(Stoichiometric) < 100
’ excess = Required HCl(Stoichiometric)

The range of flowrates was based on past work from this research group on
the same size CIJR [39]. To stay in the turbulent regime a flowrate of 100
ml/min is required. At the maximum flowrate, 300 ml/min, the sample
container capacity allowed a one minute run. The flowrates were kept
approximately equal for both sides of the CIJR. Table 2-2 provides a summary

of the variables and experimental plan.

Table 2-2- Overview of Process Variables

Experimental Blend Strength Flowrate HCl Amount
Variables (wt %) (ml/min ) (% excess)
0.5
1 100 1 g 0
Values 2 200
3.5 300 300
5 700

Note that not all of the possible runs and analysis were done, i.e. out of 60
possible AHC formation runs, 46 runs were completed and 33 of these plus

precipitated pure MDA particles were fully analyzed.
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2.5 Reagents and Safety
2.5.1 Monochlorobenzene (MCB)

MCB is an aromatic solvent which forms the reaction environment in the
process. MCB is used in the lab to prepare solutions and to flush the
equipment before and after running the experiments. For these experiments,
the MCB was provided by Huntsman Polyurethane as a sample of the MCB

used in the plant.

Monochlorobenzene must be handled under the fume hood because it is very
toxic and long-term exposure can cause kidney and liver damage. MCB is
water-white, volatile, flammable, and liquid at ordinary handling

temperatures, and has a boiling point of 131°C.

2.5.2 4,4’-Methylene dianiline (MDA)

As a model for the industrial polymeric amine, 4,4’-methylene dianiline, also
known as 4,4’-Diaminodiphenylmethane (DADPM), reacts with anhydrous
hydrogen chloride to form amine hydrochloride under different conditions.
MDA at ordinary temperatures has a light yellow crystalline form and a

melting range of 88-92°C.

MDA is a carcinogen and it damages liver in case of excessive or chronic
exposure. Therefore, MDA must be handled with care and any skin contact
must be avoided.

2.5.3 Anhydrous Gaseous Hydrogen Chloride (HCI)

An HCI gas cylinder with commercial name of hydrogen chloride HC 2.0
(purity >99%) was provided by Praxair Canada. The gas dissolved in MCB to
react with the MDA in MCB blend.
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HCI gas is toxic, corrosive, and may cause liver and kidney damage. It can
cause eye, skin, and respiratory tract burns. Under ambient conditions, this
colorless gas has a pungent, suffocating odor with less than 1 ppm odour
threshold. The occupational safety and health administration permissible
exposure level (OSHA PEL) for gaseous HCl is 5 ppm and the immediately
dangerous to life and health (IDLH) limit HCI (g) is 50 ppm.

A gas detector with a calibrated HCl censor was used to monitor the HCI
concentration in the lab to prevent over exposure of HCl and to ensure that
the allowable time-weighted average concentration (TWA) for a normal 8-

hour workday or 40-hour week of 2 ppm was not exceeded.

2.6 Synthesis of Amine Hydrochloride (AHC) Salts
2.6.1 Supply lines
A. HCl line

As illustrated in Figure 2-4, anhydrous HCl gas from a Praxair K size cylinder,
containing 85 kg of 99% HCIl at 42 bar, passed through 3 valves and a

stainless steel regulator where its pressure was reduced to 4 bar.

In the gas line from the HCl cylinder to the flowmeter, 3 valves and a
regulator were used in the following order: cylinder head valve, regulator,
needle valve and a 3-way valve which can switch between Air and HCL Air
from the Chemical and Materials Engineering utility compressor has pressure
up to around 7 bar and can be used for purging the gas line from the needle
valve to the sample container in situations such as shut-down, unclogging or

emergencies.

Based on the calculated stoichiometric required HCI for complete reaction to

MDA.2HCI and excess HCI, the high resolution flowmeter was adjusted to
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maintain the HCI flowrate at a fixed percent excess feed. A venturi feed throat
was used to improve the dissolution of HCI in the MCB stream. The MCB was
pumped from the MCB container using a positive displacement pump.
Constant pulse-free flows to the CIJR were provided by micropump-heads
(Series GB, external gear pump, max flow rate 4L/min), which were fitted
onto pump drives (MCP-Z standard, IDEX corporation). This stream entered
the CIJR on one side to react with the MDA component in the other stream.
The flowrates of the two feed streams were set to be equal, although the CIJR

can tolerate up to a 30% difference in flows [39].

B. Amine line

On this side, a pump identical to the MCB pump was calibrated for the mid-
strength blend (2 wt% MDA) of MDA dissolved in MCB. This was used to
maintain an approximately equal flowrate and pressure to the HCl and MCB
side. The amine blend enters from the opposite side of the CIJR and reacts

with the dissolved HCI.

C. Product Line

Figure 2-4 shows a detailed schematic of the set-up. A back pressure
regulator (BPR) just after the CIJR was used to maintain the system pressure
at 4 bar gauge. This ensures solubility of the HCl in MCB. The products
leaving the CIJR and passing through the BPR were collected in an
Erlenmeyer flask packed with 1/8” glass spherical packing to allow the
excess HCl to degas and separate from the liquid. The degassed HCl passed
thru the flask of 1M NaOH solution and was neutralized. After each run the
change of the NaOH pH was recorded by titration. This helps in the mass
balance calculation and validation of the run (see Appendix 1). The reaction
freezes by dropping the system pressure from 4 bar to atmospheric pressure

just passing the back pressure regulator where dissolved HCl degased.
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Air/purge line

Flowmeter Pure MCB
(Rotameter and

MDA/MCB
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MDA/MCB PD pump heater-stirrer
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MCB pump
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atmospheric pressure
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Hd
42 bar
K Size cylinder : TN

85 KG

/—\\ Vent

caustic solution sample bottle . .
NaOH full of degassing glass beads Waste bottle  Caustic Solution (NaOH)

Figure 2-4- Detailed schematic of the experimental set-up

2.6.2 Equipment, Apparatus and Details of Run

On the amine-side, the blend was prepared in a batch process and stored in a
beaker connected to a 3-way valve. The valve switched between the pure
MCB and the blend. The pure MCB stream was used to flush the line and fill
the tubing with MCB before starting the reaction. Also adjusting the HCI
flowrate according to calculated amount for the reaction takes time as it must
be stabilized before starting the reaction- which is simply switch from MCB
to the blend. A magnetic heater-stirrer was used to blending the MDA in MCB
in a batch process that takes 15 minutes stirring at 200 rpm at 65°C.

More details can be found in the safe work procedures (SWP) submitted for

this project and also available in Appendix 3.

2.6.3 Synthesis of AHC Procedure
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As mentioned in Section 2.6 safety is very important because of the nature of
the materials used in the process. The procedure of synthesis of the AHC salts
followed a checklist for preparation, start-up, production and shutdown. A

full description is given in Appendix 3.

Each run took 1 to 3 minutes depending on flowrate of the reagents. During
the runs the HCl gas detector was kept close to the set-up in the fumehood.
Checking for HCl leaks outside the fumehood was done before and after the
run using the same monitor. In case of an alarm exceeding the limit (2ppm),

the main valve must be shut off quickly, following by closing all other valves.

2.7 Experimental Validation
A. Process Validation:

Three check valves are used to make sure there is no backflow of the
reactants, especially after the flowmeter and before the venturi. The other
two check valves were placed just after the pumps to prevent any damage

due to backflow of the streams.

The pumps were calibrated under the same operating conditions with the
same check valves and the system pressure as the runs with HCl. The first
pump calibrations were done using air and water instead of risky materials;

then the pumps were re-calibrated for MCB and the blend.

B. Reaction Validation:

MDA is to be completely dissolved in MCB in the experiments. Under
standard conditions (25°C, 1 atm) there is a limit for dissolution of pure 4,4’-
MDA in MCB which is slightly higher than 6.5 wt%. No more than 5 wt% MDA
was used in the experiments; the blend is pumped to the CIJR from an open

blend container stored in the fume hood.

26



HCI is also to be fully dissolved in MCB in the experiments. Data acquired
from the plant and from simulations in VMGSim showed that at 4 bar
pressure (gauge) the solubility limit of HCI in MCB is 9 mol% which is 10
times the HCl needed for reaction with 5 wt% blend. The HCI concentration
was limited to 700% excess at a maximum MDA blend strength of 5 wt%.

Details are presented in Appendices.

The material balance for the starting amine was closed with less than 9%
error in first experiments. Later more accurate sets of experiments took into
account the dissolved HCI in filtrated product stream and remaining blend in

the set-up tubing, giving less than 6% error.

The remaining errors could be caused by residual unreacted amines
dissolved in the MCB, recording the run times exactly, switching the 3-way

valves, or the filtration and drying techniques.

2.8 Analysis Techniques

The product from the CIJR contains AHC particles and MCB in slurry form
which needs to be prepared for further analysis. A range of qualitative and
quantitative analysis techniques were used to study the morphology, thermal
properties, average particle size, as well as determining the components

present and the compositions of the solids.
2.8.1 Preparation of Particles for Analysis

The product was filtered using gravity filtration with a Buchner funnel and
Whatman cellulose Grade 1 filter papers. After filtering, the particles were
dried in the fumehood, weighed and stored in sample bottles. This procedure
transforms the slurry first to a wet paste, and then to fine powder. Samples of

dried solids were used for each of the six analysis techniques.
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2.8.2 Elemental Analysis

Elemental analysis includes identification and quantification of elements and
elemental compounds of the bulk of a sample. Samples were tested for trace
elements including organic and non-organic, aqueous and non-aqueous

materials.

Goal: To identify the elemental composition of a sample. The results include
the mass fractions of carbon, hydrogen, nitrogen, and heteroatoms (X)
(halogens, sulfur) of a sample- CHNX analysis. This information is used to

determine the structure of an unknown compound.

Description: The most common method for elemental analysis, CHN analysis,
is accomplished by combustion. In this technique, a sample is burned in an
excess of oxygen, and various traps collect the combustion products: carbon
dioxide, water, and nitric oxide. The masses of these combustion products

can be used to calculate the composition of the unknown sample [53].

In this work, CHN data was obtained from combustion by the Schoniger
method and the chlorine content was obtained from titration with Hg(NO3)>

in presence of Sodium nitroprusside as an indicator.

2.8.3. X-ray diffraction (XRD):

Goal: To determine the average crystal size, polydispersity, and the
proportion of solid formed which is crystalline/amorphous which has
already been studied in past work sponsored by Huntsman Polyurethanes

[12].

Description: X-ray crystallography use the diffraction pattern caused by the
scattering of monochromatic X-rays to determine the structure of a crystal

based on the electron density in the crystal sample. For the crystal structure
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to be fully determined, the crystal must be completely within the diameter of
the X-ray beam. The optimum size of the crystal is a few tenths of a
millimeter. The diffraction pattern contains information on the amplitude of
the scattered waves (F) from the intensity of the diffraction spots, but no

information on the phase of the waves [54].

An analysis of the diffraction pattern yields the geometry and symmetry of
the unit cell. Mathematical analysis of the intensities of the diffraction pattern
is difficult, and takes a lot of computational time, but gives the full molecular
structure through refinement of a predicted model structure. As the
absorption of X-rays also depends on the path length of the X-rays, it will
change with the orientation of the crystal in the X-ray beam, which will in
turn affect the diffracted X-rays. If the crystal has a needle-like shape,
absorption will be greater through the length than through the thin width of
the crystal. In general, providing crystals of sufficient size and quality can be
grown, X-ray diffraction provides an excellent description of the molecular

structure [54].

2.8.4 Scanning Electron Microscopy (SEM)

Goal: To visualise the structures formed and perform elemental analysis on
small regions of the sample. Some SEM techniques such as energy-dispersive
X-ray analysis (EDX) can be applied simultaneously with SEM allowing the
elemental analysis of small regions of the sample under study. This method
can be used to look for differences between apparently crystalline and

amorphous regions of a given sample [55].

Description: The scanning electron microscope uses a focused beam of high-
energy electrons to generate a variety of signals at the surface of solid
specimens. The signals that derive from electron-sample interactions reveal
information about the sample including external morphology (texture),

chemical composition, crystalline structure and orientation of materials
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making up the sample. In most applications, data are collected over a selected
area of the surface of the sample, and a 2-dimensional image is generated

that displays spatial variations in these properties [55].
Below is the method used to do EDX in this work:

1- SE image (Secondary Electron) taken from an area in which a good
disparity of different shapes was available. In SE imaging, low-energy (<50
eV) secondary electrons that are ejected from the k-orbitals of the specimen
atoms by inelastic scattering interactions with beam electrons are collected.

In practice on AHC salts 2kV and 5kV are used as charge accelerated voltage.

2- BSE image (Back-Scattered Electron) taken to show the points and areas of
interest for running EDX. BSE will show a diversity of heavier and lighter
atoms in particles which brighter spots represent denser areas of heavier
atoms, and darker areas have much lighter atoms in them. BSE consists of
high-energy electrons originating in the electron beam that are reflected or
back-scattered out of the specimen interaction volume by scattering

interactions with specimen atoms.

3- Some spots (3-5) were selected to do spot scanning of the chlorine and

carbon elements.

4- A line between two selected points was analyzed using line-scan function,
the outcome graph shows areas in which Chlorine and Carbon are higher or

lower.

2.8.5 Thermogravimetric Analysis (TGA) and Differential Scanning

Calorimetry (DSC)

Goal: TGA provides information about the thermal stability of solid materials
and measuring the change in mass during the reaction or vaporization. DSC

can report the temperature range and heat of crystallization and melting
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processes. Multiple peaks in DSC can also report different compounds

existing in a sample.

Description: TGA measures the change in mass of a sample against time or
temperature. There are three main parts of a thermobalance, the
electrobalance, the furnace and the PC which controls the thermobalance and
acquires the data. The balance is protected from corrosive or oxidizing gasses
by purging with an inert gas. A few milligrams of the solid sample are placed
on the pan of an electrobalance in a furnace. The mass of the sample is then
continually measured during either an isothermal experiment or a
temperature ramp. A graph of mass loss against temperature or time is

produced [56,57].

DSC is a technique in which the solid sample is placed in the oven in a sealed
pan alongside an empty reference pan. The heat flow in or out of the sample
is measured by taking the difference between the temperatures of the sample
and the reference as the temperature of the oven is ramped linearly. During a
melting process, the sample will not change temperature as it is using the
energy to change phase, but the reference pan will continue to increase in
temperature, and the difference is measured. If there is no phase transition,
the heat flow is the heat capacity of the material. Crystallization is exothermic
and so a positive heat flow would be recorded, melting is endothermic and

gives a negative heat flow [56,57].

2.8.6 Fourier Transform Infra-Red Spectroscopy

Goal: The method of Infrared spectroscopy can identify unknown materials.
It also can determine the quality or consistency of a sample, and the amount
of a component in a mixture. FTIR KBr pellet is the best spectroscopy

analysis technique to define components available in the AHC products [58].

FTIR spectroscopy can be used as a diagnostic tool for the extent of

hydrochlorination of prepared samples of the amine hydrochlorides. [12].
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Description: In infrared spectroscopy, IR radiation is passed through a
sample. Some of the infrared radiation is absorbed by the sample and some of
it is passed through (transmitted). The resulting spectrum represents the
molecular absorption and transmission, creating a molecular fingerprint of

the sample [59]

2.8.7 Optical Microscopy

Goal: To study morphology, shape and size of the particles. It can be used in

both qualitative and quantitative studies.

Description: Optical microscopy was the first analysis technique used in
analysis of the formed products. It has helped understanding the sensitivity
of the particles to each process variable in order to plan the experiments. Carl
Ziess Axio Lab.A1 microscope was used to take images from the samples

made under different process variables in the CIJR.

Microscopy images were later processed to measure the average particle size
of the samples. The protocol of detecting single particles was based on the
threshold and contrast in images. After detecting the single particles, the
surface area was measured and reported as an equivalent diameter of the
particles. By increasing in the number of images taken from each sample,
errors could be minimized. The procedure is explained in Section 4.5 in

detail.

2.8.8 Summary of Analysis Techniques Used

Among all of analysis techniques available for the solid particles, only some
techniques were used to study particles. There is a lack of essential reference
data for AHCs for some of the methods, which limits our analysis to five

techniques.
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Table 2-3- Summary of Selected and Considered Analysis

Techniques
Elemental Ll ibr;l;’lgig Optical
Method 3 kBr | T6A | psc | "9 °”° op XRD
Analysis Pellet imaging, | Microscopy
EDX)
Considered? v v v v v v v
Selected? v v * v v v *

Elemental analysis and EDX of a sample provide a list of existing components
and compositions which can be validated by FTIR and DSC. The morphology
and qualitative studies of the growth and aggregation in molecular structure
are shown in the SEM images, while the optical microscopy image processing

can provide the average particle size.
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3 Characterization of Aminehydrochloride Salts
3.1 Introduction

In this work, a number of analytical techniques were used to characterize
particles made in the CIJR. These results were used to quantify the effects of
reaction variables such as local concentrations and mixing intensity on the

AHC particles.

Chapter 3 contains characterization of high concentration AHC salts and
MDA using the most successful analytical techniques. This provides reference
data for each of three high concentration salts (MDA, MDA.HCl and
MDA.2HCI). Once the best practical qualitative and quantitative techniques
are selected, it is possible to compare samples made under the effect of
different reaction variables in Chapter 4 with the high concentration salts as

reference data from Chapter 3.

Five samples are characterized in this chapter:

1&2) two high concentration MDA.2HCl samples (above 99% based
on elemental analysis results) made in the CIJR with the following two
sets of reaction conditions:

0.5% MDA, 100 ml/min flowrate, 100% excess HCI (sample 1)

0.5% MDA, 200 ml/min flowrate, 300% excess HCI (sample 2)
3&4) two high concentration MDA.HCI samples (above 99% based on
elemental analysis results) made in the CIJR with the following two
sets of reaction conditions:

5% MDA, 100 ml/min flowrate, 100% excess HCl (sample 3)

5% MDA, 200 ml/min flowrate, 300% excess HCl (sample 4)
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5) 97% MDA as supplied by Sigma-Aldrich, precipitated from a super-
saturated solution of MDA dissolved in MCB as it was cooled down from 65°C

to room temperature.

3.2 Identifying Compounds and Compositions Using FTIR and

Elemental Analysis

Elemental analysis provided some of the best analysis of MDA and AHC salts.
It gives C H N and CI elemental compositions for all of the samples. These
results can be compared with the theoretical the C/Cl ratio for MDA.HCI and
MDA.2HCL

FTIR is used to confirm and distinguish the sample compounds. The peak
assignments are available from the past work by Emma Gibson et al
[11,12,14]. The FTIR results verified consistently the compounds predicted

by the elemental analysis data.

3.2.1 Elemental Analysis of High-Concentration AHC Salts and

Comparison with Theory

In Table 3-1, CHN data from combustion by the Schoéniger method and Cl
from titration by Hg(NO3)2 in presence of sodium nitroprusside as indicator
are compared with the C/Cl ratio for pure salts. The C/ClI ratio is used to

calculate the percentage purity for each sample.

The experimental results are in very close agreement with the theoretical
values. From here on, higher than 98% MDA.HCl and MDA.2HCI based on
elemental analysis are called pure salts. Two samples of each AHC salt are

characterized in this chapter and then used as reference data for Chapter 4.
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Table 3-1- Elemental analysis

of high concentration AHC salts

Titles Reaction Conditions
Compound
MDA Flowrate HCl ¢ H N c | ¢ o II)?urity
Salts conc. o excess
(%) (%)
99%
0.5 100 100 575 | 59 | 102 | 263 | 2.19 MDAZHCI
0.5 200 300 575 | 60 | 100 | 263 | 2.19 2%
Salts Made MDA.2HCI
in CIJR 99%
5 100 100 665 | 65 | 11.8 | 150 | 443 MDAHCI
100%
5 200 300 66.5 | 6.6 | 11.7 | 151 | 440 MDAHCI
Sigma
Aldrich 97 = = 78.8 7.1 14.1 0.0 Pure MDA
MDA in MDA in
Theory 100 = = 78.9 7.0 | 14.1 0.0 Theory
MDAHCT in - - 665 | 64 | 119 | 151 | 44 | MPAHCTin
Theory Theory
MDA'ZHCI - - 576 | 59 | 103 | 262 | 2.2 MDA'ZHCI
in Theory in Theory

3.2.2 FTIR Data from High Concentration Salts and Comparison with
Past Work

The FTIR KBR Pellet method is the best available method for detecting amine
groups. Spectra of 5 pure samples, one for MDA, two for MDA.HCI and two
samples of MDA.2HCI are presented in Figure 3-1, along with a copy of three
pure salts’ spectra from Emma Gibson’s thesis [12] to illustrate the similarity

in trends and peak assignments.

Table 3-2 contains the most distinguishable peaks on FTIR spectra for pure
samples from past work on similar materials. The peak assignments and
relative peaks’ frequencies were verified with the 5 pure samples made in the

CIJR in order to investigate whether FTIR can successfully distinguish the
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compounds present in these samples. The verification of results is given in

Table 3-3 for MDA.2HCI, Table 3-4 for MDA.HCI and in Table 3-5 for MDA.
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Figure 3-1- FTIR spectra of MDA.2HCI (a: Sample 1 and b: Sample2),
MDA.HCl (c: Sample 3 and d: Sample 4), and MDA (e);

compared with Emma Gibson’s FTIR Spectra (f).
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Table 3-2- The most distinguishable peak assignments and
frequencies for MDA, MDA.HC]l and MDA.2HCl-selected

from [12]
-1
Assignment Peak Frequency (cm-1)
MDA MDA.HCI MDA.2HCI
3472-3435 3360 .
1 9(N — H)NH, 3329 3215 -
2794 One peak 3240-2610
e S(N — H)NH, i 2 broad bands
3 NH; Femi resonance - 2600 2560
4 8(NH;)asymm - 1570 1571
3 Weak band
5 8(C—H) 1274 1248 i
. 1083
¢ | P(NH) + CH, twist 1075 Not sure which it :
+8(C-C-0) ; P
is most similar to.
1083
7 p(NH;3) - Not sure which it 1061
is most similar to.
8 6(C—C-0) - 1022 1018
9 ? 740 Sharp -
10 8(Ce —C; — Cy) - 699 Strong 695 Weak
11 ? - 641 Weak 639 Strong

Table 3-3- Verification of the quality of the selected assignments
in distinguishing the samples-FTIR spectra of the two
pure MDA.2HCI samples

; Frequency (cm-! Frequency (cm-! .
Assignment Sam?)lel(T(;); S(pectra)) SampZZ(Bot;:);m(Spectrg) Quality Check
1 = - OK
2 3200-2580: two 3200-2580: two broad 0K
broad bands bands
3 2556 2554 OK
4 1570 weak 1568 sharp OK
5 - - OK
6 - - OK
7 1060 1057 OK
8 1020 1020 OK
9 - - -
10 696 690 OK
11 . 635 Mot
Distinguishable
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Table 3-4- Verification of the quality of the selected assignments
in distinguishing the samples-FTIR spectra of the two
pure MDA.HCI samples

, Frequency (cm-1) Frequency (cm1) ,

AN Sample 3 (Top Spectra) Sample 4 (Top Spectra) YLy Gl
1 3358, 3218 3360, 3219 OK
2 2787 2790 OK
3 2585 2591 OK
4 1568 1570 OK
5 1247 1247 OK
Not

6 1087 1086 Distinguishable
Not

7 1087 1086 Distinguishable
8 1018 1019 OK
9 751 748 OK
10 700 700 OK
11 639 weak 640 weak OK

Table 3-5-Verification of the quality of the selected assignments
in distinguishing the samples-FTIR spectra of the 97%
pure MDA

Frequency on MDA 97 %
pure (Sigma Aldrich)

3427, 3343 0K
- OK
- OK
- 0K
1269, 1273 OK

1072 OK
OK
- OK
- OK
- OK
= 0K

Assignment Quality Check

LY
eyl I CISTEN[EIE NN

As it is shown in the above tables, the suggested 11 assignments have a
number of specific peak frequencies for each component, which can be used

to confirm elemental analysis data and later compare with the DSC data.
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3.3 Thermal Properties of High Concentration MDA and AHC Salts

Thermal gravimetric analysis (TGA) and differential scanning calorimetry
(DSC) of the samples provide phase change temperature ranges. The TGA,
dTGA and DSC results for each pure salt are presented. The most important
information obtained from DSC of the 5 pure samples is summarized in Table
3-6 followed by conclusions and comparison with thermal properties

reported in the literature for MDA and AHC salts.

As inert gas is selected as the environment gas, it is unlikely that a chemical

reaction occurs during the analysis.
3.3.1 TGA and DSC Graphs of MDA, MDA.HCl and MDA.2HCI

Figures 3-2 to 3-6 show the TGA/DSC results for each high concentration
sample, MDA.2HCI (Samples 1 and 2), MDA.HCI (Samples 3 and 4), and MDA
(Sample 5), all obtained using a programmed heating ramp of 10°C/min. The

purities in the caption are based on the elemental analysis data, Table 3-1.

The TGA graph shows the thermal stability of solids and change in mass
during the vaporization or reaction. As inert gas is used for the TGA runs, the
no-reaction assumption is reasonable. In Figure 3-6, the MDA has a very clear
trace on the TGA graph with a sharp fall of weight as the sample pan was
heated gradually from 150 to 280°C where more than 94% of the initial
sample has been evaporated and left the pan. At 500°C the remaining weight
of sample is just 1%. The DSC graph of MDA reveals a very clean sharp peak
at 94°C, related to phase change that must be for the melting, with a range of
92-94°C.

The thermal stability of MDA.2HC] and MDA.HCI is a more complicated case
than MDA. In theory for MDA.2HCI, a mass loss of 13% would be consistent
with the loss of one mole of HC], resulting in MDA.HCI. A further loss of 16 %

would be consistent with the further loss of HCI to form MDA. The total mass
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loss expected for the dissociation of 2 moles of HCI from MDA.2HCI would be

13% 16%
27% shown in the following route: MDA.2HCl — MDA.HCl — MDA

The percentage weight loss of 79-83% shown in Figures 3-2 and 3-3 shows
wider drops in the TGA graphs for MDA.2HCI salts than the MDA TGA graph,
which start at 150°C just like the MDA, but continue to around 550°C. At this
high temperature there is still more than 10% of the starting sample weight
remaining. These large steps (79-83%) mean that there must be a gradual
loss of MDA.2HCI units or dissociation of MDA.2HCI and the subsequent loss
of MDA.HCI/MDA units.

For the MDA.HCI salt, there was a similar in thermal stability; perhaps at
lower temperatures, below 100°C, there is a very small mass loss because of
vaporization of the residual MCB solvent. At 550°C the remaining percentage

of sample mass is just more than 10%.

The distinguishable data in studying thermal properties of the AHC salts are
the DSC temperature ranges identified for phase changes and the related
peak temperatures. MDA, as described above, has a very sharp peak with a
range of 92-94, whereas MDA.HCI has two wide peaks. One of them is
expected between 87 and 105°C, and the other appears in the 186-190°C
range (two selected salts and the peaks are shown in Figures 3-4 and 3-5).
The other AHC salt, MDA.2HCI, has one peak shown between 247-267°C in
Figures 3-2 and 3-3. The next section reports the most important data
extracted from the TGA/DSC data. As the TGA data could not reveal any
outstanding characteristics of AHC salts independently, it was used to check

the sample thermal stability and to pick the DSC heating program ranges.
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3.3.2 Summary of the Most Important Thermal Properties and

Comparison of Conclusions with Past Work

Table 3-6 contains the most important information obtained from the TGA

and DSC data. The peaks in DSC data normally show the range of phase

transition or any physical or chemical change such as crystallization or

chemical reaction. As described in Section 3.3.1 the DSC temperature ranges

are used to distinguish between the AHC salts in Chapter 4.

Table 3-6-Summary of TGA/DSC data for AHC salts- Samples 1-5

Reaction Conditions Purit TGA
e ba;’: "1 f)’ o | Teeaxin DSC Data T (°C),
Flow rate dTGA AH (J/9)
Conc. | Excess i E.A (°C)
% %
99% pure in Peak T=262, AH=669
0.5 100 100 MDA.2HCI 241 Tpeax range=252-267
99% pure in Peak T= 249, AH=915
0.5 300 200 MDA.2HCI 243 Tpeax range=247-255
Peakl T=92, AH=62,
99% pure in Tpeak range=90-93
9 100 100 MDA.HCI 232 Peak2 T=189, AH=49
Tpeak range=187-190
Peakl T=100, AH=37
100% pure Tpeak range=87-105
5 300 200 inMpA.HCl | 233 | Peakz T-188, AH=80
Tpeax range=186-189
Peak T= 94, AH=102
97 - - MDA Pure 270 Thoax range= 92-94

Table 3-7 has a comparison between the DSC peaks and melting

temperatures found in Emma Gibson’s work [12] and in melting point tables

in literature [60,61]. Table 3-7 has a wider range than the data in Table 3-6

because samples with a slightly lower concentration of MDA.HCl and

MDA.2HCI are included in Table 3-7.

48



Table

3-7-Melting Temperature

obtained

from DSC

comparison with Literature and past work

in

Source MDA Melting | MDA.HCI Melting | MDA.2ZHCI Melting
range (°C) range (°C) range (°C)
Literature
[60,61] 92 N/A N/A
Emma Gibson’s
Work [12] 89-91 188-235 261 Decomposed
This Research 92-94 186-190 247-272

For the boiling temperature range, there was not enough data in the
literature for comparison. The DSC data shows weak and wide peak areas in
this range that the software could not resolve. The MDA.HCI and MDA.2HCI
are nearly insoluble in MCB [11].

3.4 Morphology of High Concentration MDA and AHC Salts

This section shows the microscopic structures and morphologies of the 5
samples. After filtering and drying the samples, the particles in powder form
are ready to be analyzed; SEM, SE and BSE imaging all need powders to be
scattered evenly on a sticky carbon tape layer. The prepared samples are

imaged using SEM at various magnifications.

Energy-dispersive X-ray spectroscopy (EDX) analysis with spot-scan and
line-scan showing the carbon and chlorine elemental concentration on the
surface of the particles is another useful function that can be done using SEM.
The data from EDX is compared with the elemental analysis data for the bulk

sample.
3.4.1 Imaging of Samples

SEM images can be studied simultaneously with optical microscopy images,

as shown in Figure 3-7, to estimate particle size. The average sizing of the
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particles is the subject of study in the next chapter. AHC particles are sticky
powders which make working with them a little difficult. One of the most
practical ways to make an even surface on the SEM pans is to pour the
powders on the pans with a pipette and then spray air parallel with the

surface. After blowing air with moderate speed, a fine layer of particles can

be seen on the SEM pan and it is ready for imaging.

Figure 3-7- Precipitated MDA from MDA/MCB solution (Sample 5)
Top images 100X SEM images (scale bar shows 300um);
Bottom image 100X optical microscopy (scale bar shows
100pm)

Two samples of MDA.HCl and MDA.2HCI are presented in Figures 3-8 and 3-
9. Although elemental analysis shows very similar elemental compositions,
the images show differences in morphology especially on the surface. Process
variables such as flowrate and HCI concentration affect the shape of particles

made in the CIJR, as shown in Figures 3-8 and 3-9.
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AC_55_SE-Image2(600)

AAC_55_SE-Image3(x1500)

Figure 3-8- MDA.HC], from top to bottom 300X, 600X, and
1500X Left side: sample 3; 5% blend, 100% excess HCI
and 100ml/min; Right side: sample 4; of 5% blend, 300%
excess HCl and 200ml/min
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AAC_51_SE-Imaged(x1500) s LHC_66-SE-Image2(x1500)

Figure 3-9-MDA.2HCI, from top to bottom 300X, 600X, and 1500X
Left side: sample 1; 0.5% Blend, 100%excess HCl and
100ml/min. Right side: sample 2; 0.5% Blend,
300%excess HCI and 200ml/min

While there are some obvious differences in the two samples shown in
Figures 3-8 and 3-9, images show similar morphology. A detailed comparison
between these two cannot tell how a change in HCI concentration or flowrate
affects particles, because more than one variable is changing; this question is

the subject of the next chapter.

MDA.2HCI particles are soft, spongy and fluffy in comparison with the
MDA.HCI particles that are hard and rocky shaped on the surface. MDA.2HCI
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has higher porosity particles and it is easy to see that single particles are
bonded together to form small masses of particles. This story is different for
MDA.HCl where fine powders formed very large masses where it is more

difficult to find single and primary particles.

In the next section, some additional images from the same samples are
combined with EDX studies to give a better idea of the morphology and local

composition of the samples.
3.4.2 EDX Studies; Composition on Surface vs. the Bulk for Pure Salts

During SEM studies, salts are looked at under X-ray beams using back
scattered electron microscopy (BSE) technique and EDX analysis. The high
energy charge voltage, 20kV, damages unstable particles; and after about 5
minutes running EDX analysis and BSE imaging, there were obvious changes
in the particles such as shifting and shrinking under X-ray beams. In spite of
this difficulty, EDX analysis was attempted for most of the samples and the

most stable sets of data are presented in this section.

BSE images were taken to show the points and areas of interest for EDX. BSE
images show a diversity of heavier and lighter atoms on the surface of the
particles where the brighter spots represent denser areas of heavier atoms,
and the darker areas contain much lighter atoms. Some spots are selected to
do spot-scanning and also a line crossing interesting particles is used for line-
scanning. Table 3-12 provides a summary of EDX vs. elemental analysis
results and Tables 3-8 to 3-11 shows how compositions in the bulk are
different from EDX results which measure composition of elements on the

surface of the particles.

As EDX can detect only Cl and C from the existing elements in AHCs, running
EDX on pure MDA will not show any interesting data as there is no Cl in MDA.
The 4 samples of MDA.HCl and MDA.2HCI are studied in this section.
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In the following figures, EDX points are indicated with arrows and the related
plots show the C and Cl peaks. The values must be normalized using atomic
number before doing any comparison. In the line scanning, a line in the
middle of the BSE image is subjected to EDX, and the plot is adjusted to show
an upper red line which relates to chlorine and a black (or blue) line which
shows the carbon on the surface. In the line scanning plots in Figures 3-10 to
3-13 the Cl shows sharper fluctuation, where the C has steadier spectra and it
is basically because of the background tape and lower amplitude of the

detected C.
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MDA.2HCI 99%:; 0.5 wt% Blend, 100ml/min FR, 100% Excess HCI
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Figure 3-10- SEM and EDX semi-quantitative analysis for
Sample 1(MDA.2HCI) - Magnification: 600X
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MDA.2HCI 99%:; 0.5 wt% Blend, 200ml/min FR, 300% Excess HCI
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Figure 3-11- SEM and EDX semi-quantitative analysis for

Sample 2(MDA.2HCI) - Magnification: 600X
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MDA.HCI 99%:; 5 wt% Blend, 100ml/min FR, 100% Excess HCI
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Figure 3-12- SEM and EDX semi-quantitative analysis for
Sample 3(MDA.HCIl) - Magnification: 600X
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MDA.HCI 100%; 5 wt% Blend 200ml/min FR, 300% Excess HCI
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Figure 3-13- SEM and EDX semi-quantitative analysis for
Sample 4(MDA.HCI) - Magnification: 600X
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Table 3-8- SEM and EDX summary data for Sample 1(MDA.2HCI)

Method Points Component C/Cl
Pt1 MDA.2HCI 2.5
EDX Results Pt2 MDA.2HCI 2.1
Pt3 - 2.9
Elemental Analysis - MDA.2HCl 99% 2.2
it iy - MDA.HCI 44
- MDA.2HCI 2.2

Table 3-9- SEM and EDX summary data for Sample 2(MDA.2HCI)

Table 3-10

(MDA.HCI)

Method Points Component C/Cl
Pt3 MDA.2HCI 1.9
Pt 4 MDA.2HCI 2.2
EDX Results Pt5 MDA.2HCI 2.2
Pté6 MDA.2HCI 2.4
Pt7 - 3.0
Elemental Analysis - MDA.2HCI99% 2.2
In Theory - MDA.HCI 4.4
- MDA.2HCI 2.2
- SEM and EDX summary data for Sample 3
Method Points Component C/Cl
Pt3 MDA.HCI 4.3
Pt4 MDA.HCI 4.6
EDX Results PL5 : 6.9
Pt 6 MDA.HCI 4.0
Elemental Analysis - MDA.HCI 99% 4.4
s Thhaay - MDA.HCI 44
- MDA.2HCI 2.2

Table 3-11- SEM and EDX summary data for Sample 4(MDA.HCI)

Method Points Component C/Cl

Pt3 MDA.HCI 4.1

Pt 4 MDA.HCI 4.6

EDX Results PLS : 5

Pt 6 MDA.HCI 4.5

Elemental Analysis - MDA.HCI 100% 4.4
In Theory - MDA.HCI 44

- MDA.2HCI 2.2
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In Figure 3-12 and Figure 3-13 point 5 is unstable which got darker after 5
minutes and later vanished; therefore carbon tape which was in the
background of the particles had a significant effect in the EDX data and

resulted a very high value of the C/Cl ratio.

Although the mentioned unstable points are excluded from Table 3-12 (point
5 in Figure 3-12, Samples 3, and in Figure 3-13, Sample 4), the range of EDX
does not show an exact match with elemental analysis. If the points were
selected from ordinary areas, i.e. all spots other than ends or edges of the
particles, the error could be lowered and the results can show a better
consistency with the elemental analysis data. Extreme light or dark areas are
also the spots that make more deviation in the C/Cl ratio from what is
expected for the value of this ratio in MDA.HCl or MDA.2HCI (in Theory and

elemental analysis).

However, picking spots from different parts of particles and to analyze using
EDX provides interesting information about non-homogeneous distribution
of AHC salts formed in the CIJR. The brighter areas on the surface and the
edge of agglomerated particles, versus the darker areas of the particles in
BSE images have the different C/Cl ratio, which means gaseous HCI could not
penetrate the bulk of particles; and it is perhaps because of very fast growth

and agglomeration rate of the primary formed particles.

In Table 3-12, the maximum relative error column is defined by the following

Maximum difference between the C/Cl ratio from EDX data and elemental analysis

equation: x 100

C/Cl ratio calculated from elemental analysis
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Table 3-12-EDX vs. elemental analysis quantitative results

Reaction Conditions Purity EDX , | Elemental | Maximum
based on points Analysis Relative
MDA HCIl Excess | Flow rate EA Range of c/cl Error
Conc % % (ml/min) ’ C/Cl*
99% pure
0.5 100 100 in 2.1-3.9 2.2 32%
MDA.ZHCI
99% pure
0.5 300 200 in 1.9-3.0 2.2 36%
MDA.2HCI
99% pure
5 100 100 in 4.0-4.6 4.4 9%
MDA.HCI
100% pure
5 300 200 in 4.1-4.5 4.4 7%
MDA.HCI
i Wiy MDA.2HCI 2.2
MDA.2HCI 4.4

3.5 Conclusion

From the analysis, we conclude that MDA.HCl and MDA.2HCI are the two
stable structures of hydrochlorination of 4-4 Methylenedianiline produced in
this reactor. The specific peaks in FTIR spectra, melting ranges in DSC, and
elemental composition studies with elemental analysis and EDX match
literature values. Microscopy images show that the shape and size vary and,

that there are differences in the surface structure.

Elemental analysis and FTIR were the most useful analytical techniques for
detecting compounds and compositions, and were the most promising to
start with in characterization of the AHCs. DSC was useful for detecting
melting peaks and ranges. DSC does not give the exact melting point but it

detects phase transitions and the enthalpy changes of phase transitions.

The SEM images taken from the AHC particles show a more porous

morphology and spongy solids in MDA.2HCI samples. The MDA.HCI particles
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have a harder and smoother surface; particles stick together and form

aggregated masses in the case of MDA.HCI more than for the other AHC salt.

Looking at the microscopy images to make statements about the particles
qualitatively helps deeper understanding of AHC salts. “Semi-quantitative”
EDX, in Section 3.4.2, could not give us very reliable elemental compositions
compared with elemental analysis data, as the X-ray beams penetrate no
more than 0.5 pm in the depth of particles; while the average particle size of
the AHC salts is more than 2 pm, but it revealed very interesting facts about
differences in elemental composition on the surface of AHC particles by line
scanning thru a mass of aggregated particles or picking points from different
parts of the BSE images; which had more chlorine at the ends or on the edges

than the ordinary areas.
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4 Effects of Local Concentration and Flowrate on the

Production of AHC Salts

4.1 Introduction

This chapter contains a report of the analysis of samples made in the CIJR
under various reaction conditions: local concentration of reagents (MDA and
HCl) and mixing intensity. In Sections 4-2 to 4-4 two cases are studied for
each variable in a way that the effects of each variable alone on the AHC salts

can be investigated.

As described in Chapter 1, the hydrochlorination of MDA is a precipitation
reaction that produces unwelcome solid particles, loss of starting amines,
and high reprocessing costs. Local concentration is dominant factor in
precipitation reactions which usually take place very fast; therefore, studying
the effects of these process variables on the products will be very interesting.
The ranges selected for each process variable were discussed in Chapter 2,

Experimental.

The procedure starts with detecting compounds and compositions using
elemental analysis and FTIR, continues with the thermal properties data
acquired from DSC plots, and at the end looks at the microscopy images and
EDX analysis of the particle surfaces. This approach provides data on the
formation of the two different types of the AHC salts. As was shown in the
previous chapter, MDA.2HCI forms at low blend strength (0.5 wt% MDA)
whereas a high blend strength (5 wt% MDA) a different AHC salt, MDA.HCI,

forms.

At the end of the chapter, the average particle size of the samples based on

image processing from optical microscope images of the samples is reported.
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4.2 Effect of MDA Concentration on the Formation of AHC salts

By keeping the other two variables- HCl excess and flowrate of the reactants
entering the CIJR- constant, the effect of MDA concentration on product
particles can be isolated. The range of MDA concentration in the MDA/MCB
blend was chosen in the range of 0.5-5 wt%, because above 5% all of the
MDA cannot dissolve in the MCB at room temperature and atmospheric
pressure. Decreasing blend strength to less than 0.5% is not realistic for the

industrial scale synthesis of polyurethane.
Case 1- Low Flowrate and Low HCl Concentration
Reaction Conditions: 100ml/min flowrate and 100% excess HCl

This case studies 5 samples that all have the same flowrate of 100 ml/min at
the outlet of the CIJR and the same HCl concentration, set at 100% excess HCI.
The MDA concentration (blend strength) varies from 0.5 to 5 wt% with the
following intervals: 0.5, 1, 2, 3.5 and 5%.

Case 2- High Flowrate and High HCI Concentration
Reaction Conditions: 200ml/min flowrate and 300% excess HCI

Case 2 studies a very similar trend to Case 1 but with different reaction
variables. A flowrate of 200 ml/min is set at the outlet of the CIJR and the
HCI concentration is set at 300% excess HCL. The MDA concentration (blend

strength) varies from 0.5 to 5 wt% at the same values as for Case 1.

Tables 4-1 and 4-2 provide the compounds and compositions of the samples
made for Case 1 and Case 2 based on FTIR and elemental analysis. The rows
of FTIR assignments are the same assignments as in Tables 3-2 to 3-4. The
cells in bold are the data from the previous chapter, the MDA.HCl and
MDA.2HCI characterized in Chapter 3.
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The summary of the results is that the AHC salts produced in the CIJR change
from MDA.2HCI to MDA.HCI with increase in entering MDA concentration,

similar to the conclusions in Chapter 3.

Studying these two cases shows that increasing in the MDA concentration
above 1 wt%, eliminates the presence of MDA.2HCl in the products. In other
words, the production of AHC salts is very sensitive to the blend strength and
changes dramatically as the MDA concentration increases from 1% to 2%.
The trend was similar in Cases 1 and 2, regardless of the percent of excess

HCI and flowrate.

Table 4-1- Components and Compositions for Case Study 1

Frequency for each Compound(cm-1)
A (for all samples: 100% excess HCI and 100 ml/min flowrate)
0.5% MDA 1% MDA 2% MDA 3.5% MDA 5% MDA
1 = 3220 3360, 3221 33583219 3358, 3218
2 3200-2580 3200-2600 2793 2790 2787
3 2556 2556 2554, 2585 2556, 2591 2585
4 1570 1569 1568 1568 1568
5 = 1247 1246 1247 1247
6 - - - 1084 1087
7 1060 1060 1060 1084 1087
8 1020 1021 1016 1017 1018
9 = 751 751 750 751
10 696 696 703 701 700
11 = = 639 640 639
C"";ﬁ ogl’:rfl o fa‘f ed 99% 91% 86% 94% 99%
et MDA.2HCI MDA.2HCI MDA.HCI MDA.HCI MDA.HCI
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Table 4-2-Components and Compositions for Case Study 2

Frequency for each Compound(cm-1)
Assignment (for all samples: 300% excess HCl and 200 ml/min flowrate)
0.5% MDA 1% MDA 2% MDA 3.5% MDA 5% MDA
1 = = 3358, 3218 | 3360, 3219
2 3200-2580 3205-2577 2795 2790 2790
3 2554 2555 2556, 2591 2555, 2589 2591
4 1568 1568 1566 1571 1570
5 = 1244 1247 1248 1247
6 - - 1086
7 1057 1055 1058 1086
8 1020 1023 1018 1019 1019
9 S 782 783 785 784
10 690 690 701 699 700
11 635 646 642 640
C"ZZ’S Z“:I"zzns 999% 95% 76% 91% 100%
. MDA.2HCI MDA.2HCI MDA.HCI MDA.HCI MDA.HCI
Elemental Analysis

The peaks and temperature ranges obtained from DSC data in Table 4-3
confirm the components existing in each sample. For example, at 2% MDA in
Case 2 both MDA.HCl and MDA.2HCI are expected, based on the FTIR and
elemental analysis data. This is confirmed by the temperature ranges and
peaks detected on the DSC plot; both the MDA.HCI and MDA.2HCI peaks and

ranges are present (shown in bold).

Now that the components in each sample in Case 1 and 2 are confirmed, the
morphology of the samples can be studied and compared with the reference
particles. In these two cases samples made from 0.5 and 5% MDA in MCB
blends are the references and the other 8 samples (4 samples in each case),
are shown in Figure 4-1 in order to investigate the way morphology changes

as a result of varying the MDA concentration.
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Table 4-3- Thermal Properties of Cases 1 and 2

Cases

MDA

Purity based

Conc %

0.5

onEA
99%

DSC Data T(°C), AH(J/g)

Compounds
based on DSC

1

MDA.ZHCI
91%

Peak T=262, AH=669
Tpeak range=252-267

MDA.2HCI

MDA.2HCI

Peak T=263, AH=589
Tpeak range=250-269

MDA.2HCI

Case 1
100%
excess
HCl and
100
ml/min

86% MDA.HCI

Peakl T=97, AH=44,
Tpea range=86-101
Peak2 T=187, AH=73

Treak range=185-189
Peak3 T=263, AH=N/A >450

MDA.HCI
MDA.2HCI

3.5

94% MDA.HCI

Peak1 T=91, AH=58,
Tpear range=90-93
Peak2 T=188 AH=38
Tpeak range=179-191

MDA.HCI

0.5

99%
MDA.HCI

99%

Peak1 T=92, AH=62,
Tpreak range=90-93
Peak2 T=189, AH=49
Tpeak range=187-190

MDA.HCI

MDA.ZHCI
95%

Peak T= 249, AH=915
Tpeak range=247-255

MDA.2HCI]

MDA.2HCI

Peak T=247, AH=797
Tpeak range=243-255

MDA.2HCI

Case 2
300%
excess
HCl and
200

76% MDA.HCI

Peak3 T=260, AH=N/A >560

Peakl T=96, AH=32,
Tpeakrange=88-100
Peak2 T=187, AH=67

Tpeak range=183-188

MDA.2HCI

MDA.HCI

ml/min

3.5

91% MDA.HCI

Peak2 T=186, AH=67
Tpeak range=176-187

Peak1 T=99, AH=37,
Tpeakrange=87-102

MDA.HCI
MDA.2HCI

Peak3 T=257, AH=N/A >430

100%
MDA.HCI

Peakl T=100, AH=37

Tpeak range=87-105
Peak2 T=188, AH=80

Tpeak range=186-189

MDA.HCI
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[AAC_51_SE-Image2600)
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RAC_52_SE-Imagez(600)

AC_53_SE-Image2(600)

Figure 4-1- Effect of increase in MDA concentration from top
(0.5%) to bottom (5%) on Case 1 (left) and Case
2(right) product particles. SEM images with
Magnification of 600(Scale bar is 50 pm)
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A direct comparison cannot be made between left hand side and right hand
side images, since two variables are varying at the same time; but from top to
bottom the composition of MDA.2HCI is decreasing, from 99% to 0 and the
purity of MDA.HCl is increasing from less than 1% to 99 or 100%.

MDA.2HCI particles have much more holes and caves on the surface, whereas
in MDA.HCl particles there are rocky-shapes and smoother surfaces.
Therefore MDA.2HCI is more porous than the other type of AHC. Another
obvious point is that the particle size increases in the transition from

MDA.2HCI to MDA.HCI. This result is verified in Section 4.5.

Unfortunately the EDX analysis could not be done for all of the samples in
these two cases because of instability under the beams, as discussed in 3.4.2.
For those samples where EDX analysis was successful, the maximum relative
percent difference from elemental analysis data, defined in Chapter 3, ranged

from 8-23%.

The degree of chlorination (%Cl) is a factor reported in organic products
which contain chlorine in their structure. MDA.HCl and MDA.2HCI in pure
salts have respectively 15.1 and 26.2 %Cl in the molecules. Figure 4-2 shows
the trend of change in %Cl of AHC salts as a function of MDA blend strength

for Case 1 and 2, and also two other cases not discussed here.

Effect of MDA blend strength on degree of chlorination of AHCs

s RN
20 \ —&— 100 ml/min and 100% excess HCl
(=] -

2 15

—#— 100 ml/min and 300% excess HCl

10
200 ml/min and 100% excess HCl

5
0 —— 200 ml/min and 300% excess HCl

0 1 2 3 4 5 6
Blend Strength (wt%)

Figure 4-2- Degree of chlorination vs. MDA blend strength
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4.3 Effect of HCI Concentration on the Formation of AHC salts

The approach for this set of runs is the same as the previous section,
confirming the compounds and compositions existing in the samples, and
then studying morphology. The cases considered here have EDX results
available for all of the samples with different HCI concentrations. For the HCl
concentration, the HCI percent excess was varied as discussed in Chapter 2.

Values selected for HCI excess were 0%, 100%, 300% and 700%.

In this section, the range selected can show how the HCl excess affects
completion of the reaction, i.e. can any concentration of MDA, even high MDA
blend strength, form MDA.2HCI if the HCl availability is higher than the
stoichiometric requirement? Does the lack of the hydrogen chloride prevent
formation of MDA.2HCl in case of low blend strength? Is the HCI
concentration dominant or is the most important reaction condition in

formation of the AHC salts the MDA concentration?
Case 3- Low Blend Strength
Reaction Conditions: 0.5%wt MDA concentration and 200 ml/min flowrate

This case studies 4 samples that all have the same flowrate and 0.5 wt%
blend strength which should result in high purity MDA.2HCI. A flowrate of
200 ml/min was the optimum flowrate set for the pumps (lower flowrates
caused back-flow on the discharge line of the MCB pump for high HCI
flowrates, and higher flowrates were harder to operate). Values for the HCl
percent excess were chosen in a consistent pattern. The flowrate of HCl is
doubled each time, i.e. 300% excess HCl is equal to 4 times the required

stoichiometric HCl and 700% has a flowrate of 8 times that much.
Case 4- High Blend Strength

Reaction Conditions: 5%wt MDA concentration and 200 ml/min flowrate
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Case 4 has a very similar trend to Case 3 with a blend strength of 5 wt%.
According to studies in Chapter 3, the products are expected to be rich in
MDA.HCI unless a very high concentration of HCl has a dominant effect on the

reaction. The flowrate was again set to 200 ml/min.

Studying these two cases together reveals more interesting behaviour in the
formation of the AHC salts. In both cases, the HCI concentration varies from
0% excess HCl, which means stoichiometric HCl moles, to 700% excess, that
is 8 times the required stoichiometric HCI to react with the amines. The
tables and figures in this section provide FTIR, Elemental Analysis, DSC, SEM

and EDX data obtained from analysis of the samples.

Table 4-4- Compounds and Compositions for Case Study 3

Frequency for each Compound(cm1)
Aesfi (for all samples: 0.5% MDA conc. and 200 ml/min flowrate)
0% ex HCI 100% ex HCI 300% ex HCI 700% ex HCI
1 3358, 3219 3219 - -
2 3205-2576 3206-2583 3200-2580 3201-2583
3 2592, 2554 2553 2554 2553
4 1570 1570 1568 1567
5 1248 - - -
6 - -
7 1057 1055 1057 1058
8 1022 1020 1020 1020
9 - - o -
10 690 677 690 690
11 638 = 635 -
Comp z: eI:'TtISRb el AI/\’/I%'Z:CCII AI/\’/I%'Z:CCII MDA.ZHCI MDA.2HCI
Compositions
based on 92% MDA.2HCI 96% MDA.2HCl | 99% MDA.2HCI | 98% MDA.2HCI
Elemental Analysis
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Table 4-5- Compounds and Compositions for Case Study 4

Frequency for each Compound
Assignment (for all samples: 5% MDA conc. and 200 ml/min flowrate)
0% ex HCI 100% ex HCI 300% ex HCI 700% ex HCI
1 ;;Zgz’i’i% 3323955560' 3360, 3219 3362, 3220
2 2787 2790 2790 2788
3 = 2592 2591 2591
4 1569 1569 1570 1572
5 1274 1276, 1248 1247 1250
6 1073 1086 1086 1088
7 = 1086 1086 1088
8 1018 1017 1019 1020
9 784 784 784 786
10 699 699 700 669
11 639 643 640 638
Compz:t;t'i Tt'fistased Mﬁfl a Mﬁfl a MDAHCI MDA'l?.H Cl
Compositions
based on 79% MDA.HCI 93% MDA.HCI 100% MDA.HCI 97% MDA.HCI
Elemental Analysis

Table 4-4 contains interesting information about MDA.2HCI salts all made
from 0.5% MDA blend and with the same flowrate, but varying HCl
concentrations, where it can be seen that the best HCl excess percent to make
the highest concentration of MDA.2HCl is 300% excess HCI. This was also the
optimum percent excess HCl for making MDA.HCI from 5% blends. There is
an increase in MDA.HCI concentration when the HCI excess is changed from

0-700 in Case 4.

Interestingly, MDA does not fully react to MDA.HCI unless there is excess HC],
as shown in Table 4-5. Another important point concluded from Table 4-4 is
that without excess HCl, MDA.HCIl appears as an impurity in the MDA.2HCI

particles.

Just as in the previous section, DSC data can verify the components existing in

these samples. Figure 4-3 shows the DSC plot for one sample from Case 3. An
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obvious sharp peak and peak distinguishable range can be extracted to
compare with the other samples studied in Case 1.
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Figure 4-3- DSC plot of the sample made from 0.5% MDA reacted
with 700% excess HCl with 200ml/min flowrate in the
CIJR
Table 4-6, has a summary of the thermal properties of the samples studied in
this section, similar to Table 4-3. The cells in bold were characterized as pure
AHC salts in Chapter 3, and are used as references to compare with the other
samples in this table. Impurities in the samples such as in the last row can be
detected by processing the Table 4-6 data. For instance the sample made
from 5% MDA exposed to 700% excess HCI and flowrate of 200 ml/min, has
MDA.2HCI as the impurity in MDA.HCI, because the Peak 3 has a temperature
range that is expected to be detected in presence of MDA.2HCl compound, as
discussed in Chapter 3. This is a fact that FTIR could not identify, perhaps
because of a poor spectra or being negligible- less than 3% of the sample
bulk. There is no conflict between what was expected from the FTIR and

elemental analysis data: the thermal properties verify the FTIR completely.
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Table 4-6- Thermal Properties of Cases 3 and 4

Cases HCI Purity based DSC Data T(°C), Compounds based
Excess % onEA AH(]/g) on DSC
Peakl T=184, AH=8
0 92% Tpear1 range=181-186 MDA.HCI
Case 1 MDA.ZHCI Peak2 T=242, AH=317 MDA.ZHCI
?V}SD ‘Z) Tpeakz range=240-245
96% Peak T=270, AH=593
cone 100 MDA.2HCI Treq range=241-272 MDA ZHCI
99% Peak T= 249, AH=915
200 4
mi/min 300 MDA.2HCI Tpeax range=247-255 MDA.ZH(l
Peak T=250, AH=1009
0 7
700 98% MDA.HCI Trea range=248-254 MDA.ZHCI
Peak T= 93, AH=27
Tpeak range=90-95 MDA
0,
0 il Peak2 T=186, AH=59 MDA.HCI
Tpeak range=178-188
Peak T= 97, AH=28
Tpeak range=88-105
Case 2 9 Peak FANG
Sor 100 93% MDA.HCI Peak2 T=188, AH=62 MDA.HCI
MDA Tpeak range=182-191
Conc. Peakl T=100, AH=37
and 100% Tpeak range=87-105
200 300 MDAHCI | Peakz T=188, AH=80 MDA.HCI
ml/min Tpeax range=186-189
Peakl T=99, AH=36,
Tpeak range=89-102
700 97% MDA.HCI Peak2 T=188, AH=65 MDA.HCI
Tpeak range=180-189
Peak3 T=258, AH=N/A

The SEM images for these two cases are shown in Figure 4-4 and in general,

the effect of change in HCl concentration on the samples is not dramatic, in

contrast with the case for MDA concentration. In this figure it is apparent that

evenness in the particle shape and size increases as a result of an increase in

HCI concentration. This statement will be verified in Section 4-5 where the

average particle size is reported.
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Figure 4-4- Effect of increase in the HCI concentration from top
(0%) to bottom (700%) on Case 3(left) and Case

4(right) product particles. SEM images with
Magnification of 600(Scale bar is 50um)
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In processing EDX data, Table 4-7, the maximum relative error is high for
some of the analyzed salts and it shows that EDX, which represents elemental
compositions on the surface, detects different compositions from elemental

analysis of the bulk as discussed in Chapter 3.

Table 4-7-EDX results vs. Elemental Analysis of Cases 3 and 4

Reaction Conditions Purity EDX Points’ | Elemental | pgximum
MDA | Flow rate HCl Based on Range of Analy. si_s Relative
Conc % | (ml/min) | excess % E.A ¢/l C/Cl ratio Error

05 | 200 0 et | 203 2.4 29%
0.5 200 100 MD9A6.;/0HCI 1.9-2.8 2.3 22%
0.5 200 300 MDgAg.Z/JHCI 1.9-3.0 2.2 36%
0.5 200 700 MD%fZ/UHCI 1.8-2.9 2.2 32%
5 200 0 Mgfli]l(fl 4.4-6.1 53 15%
5 200 100 ng.O/Ic-,ICI 4.3-5.0 4.7 7%
5 200 300 MIDOAO.Z)CI 4.1-4.5 4.4 2%
5 200 700 MgZ.O/I‘-)ICI 3.8-4.4 4.3 12%

MDA.2HCI 2.2 -

In Theory MDA.HCI 4.4 :

Figure 4-5 shows effect of percent excess HCl on degree of chlorination which

is expected to have a slightly growing trend in 3 cases including 3 and 4.

Effect of % excess HCl on degree of chlorination of AHCs

30
25 L—* -
20 u
S L
o\c 15 r—‘i/.f

O T T T 1

0 200 400 600 800
Percent Excess HCI (%)

—e

=¢=—0.5% B.S. and 200 ml/min

=i=2% B.S. and 200 ml/min

5% B.S.and 200 ml/min

Figure 4-5- Degree of chlorination vs. percent excess HCl
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4.4 Effect of Flowrate on the Formation of AHC salts

The last process variable discussed here, flowrate, is the most interesting
variable to work with, since the reaction takes place in a Confined Impinging
Jet Reactor, and the turbulence intensity determines the rate of mixing at the
smallest scales. There were a number of process limitations that made the
achievable range of flowrate narrow: the CIJR dimensions, the HCI flow meter
range, the pumps, the sample container and tubing. In order to keep the flow
in the turbulent regime, the flowrate must not drop to less than 100ml/min
for this CIJR, and for very high flowrates, the process handling gets more
difficult. Similar to the previous sections there are two full case studies
provided here both having 100% excess HCl. There were two other cases
with 300% excess HCI not reported in this section because of very unstable
particles under X-ray beam; however the particle sizes of all of the cases are
analyzed in the next section. The flowrate values are the total flowrate for the

outlet stream of the CIJR and the two inlet flows are always equal.
Case 5- Low Blend Strength
Reaction Conditions: 0.5%wt MDA Concentration and 100% excess HCI

In this case study, 3 samples with different flowrates are fully analyzed: 100,
200, and 300 ml/min. The HCI concentration for all of the samples was two
times the required stoichiometric amount (100% excess HCl). Because a low
blend strength is picked (0.5 wt% MDA) a high concentration of MDA.2HCl is
expected in the product particles. The purity and morphology of each sample,
and later in Section 4.5 the average particle size of the solids will show how

mixing intensity affects the formation of AHC salts.
Case 6- High Blend Strength

Reaction Conditions: 5%wt MDA Concentration and 100% excess HCl
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This case is identical to Case 5 in terms of varying the flowrate, but here high

blend strength (5 wt% MDA concentration) was picked.

The same approach is taken here as for the other variables, starting with
compounds and compositions, thermal properties, and later on looking at the
morphologies and basic conclusions. More data about the effect of this

variable is available in Section 4.5, studying the average particles size.

Table 4-8-Compounds and Compositions for Case Study 5

Frequency for each Compound(cm)
Assignment (for all samples: 0.5 wt% MDA conc. and 100% excess HCI)
100 ml/min 200 ml/min 300 ml/min
1 = 3219
2 3200-2580 3199-2580 3194-2586
3 2556 2558 2557,2586
4 1570 1570 1568
5 o 1248
6 -
7 1060 1057 1057
8 1020 1018 1020
9 S 750
10 696 670 698
11 = 640
Components based on MDA.2HCI MDA.HCI
FTIR MDA.ZHC ? MDA.2HCI
Compositions based 999% MDA.ZHCI 96% MDA.2HCI 91% MDA.2HCI
on Elemental Analysis
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Table 4-9- Components and Compositions for Case Study 6

Frequency for each Compound(cm-1)
Assignment (for all samples: 5 wt% MDA conc. and 100% excess HCI)
100 ml/min 200 ml/min 300 ml/min
3470-3436,
1 3358, 3218 3330, 3361, 3216 3329, 3359
2 2787 2790 2788
3 2585 2587
4 1568 1569 1570
5 1247 1276, 1248 1276
6 1087 1086 1070
7 1087 1086
8 1018 1018 1019
9 751 784 785
10 700 700 699
11 639 641 640
Components based on MDA MDA
FTIR MDA.HCI MDA.HCI MDA.HCI
Compositions based 999% MDA.HCI 86% MDA.HCI 729 MDA.HCI
on Elemental Analysis

Table 4-8 to 4-9 have some cells in bold which are data from Chapter 3, used
here as the reference particles. Similar to the one sample in Section 4-3, FTIR
could not determine the impurity in one of the samples, the column
containing question mark, but the thermal properties in Table 4-10 can
provide that piece of information- the sample made with 0.5 wt% MDA
reacted with 100% excess HCl at 200ml/min flow. Two impurities in Table 4-
10 could not be identified, which is perhaps because of the very close peak

temperature ranges of MDA and MDA.HC(], as described in Chapter 3.

Studying the effects of flowrate on the AHC is more complicated than local
concentration. Tables 4-8 to 4-10 show that at very high flows neither
reaction went to completing and the particles precipitated with a lower
degree of chlorination, or an explanation for this influence (dropping the
%Cl) can be reduction in residence time (Tres): at higher flows, the feed

concentration will persist for a higher portion of the residence time.
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Table 4-2-Thermal Properties of Cases 5 and 6

Cases Flowrate bgggﬁ)’n DSC Data T(°C), Compounds based on
(ml/min) EA AH(]/g) DSC
99% Peak T=262, AH=669
Case 5 100 MDA.2HCI | Tpeakrange=252-267 MDA.ZHC
0.5% Peakl T= 185, AH=11
MDA 200 96% Tpeak; range=182-186 MDA.2HCI
Conc. MDA.2HCl | Peak2 T=270, AH=593 MDA.HCI
and Treakz range=241-272
100% Peakl T= 184, AH=14
CXeess 92% Tpeaks range=181-186 MDA.2HCI
it 300 MDA.2HCI | Peak2 T=272, AH=487 MDA. HCI
Tpeakz range=270-275
Peakl T=92, AH=62,
99% Tpeak:1 range=90-93
Case 6 100 MDA.HCI | Peak2 T=189, AH=49 MDA.HC
5% Tpearz range=187-190
MDA Peakl T= 92, AH=62
Conc. 200 86% MDA. Tpeak1 range=89-93 MDA.HCI
and HCI Peak2 T= 189, AH=49 ?
100% Tpeakz range=187-190
CXeess Peakl T= 91, AH=21
Hel 200 72% Teaks range=90-92 MDA.HCI
MDA.HCl | Peak2 T=188, AH=42 ?
Tpearz range=187-189

Figure 4-6 shows the SEM images taken with the same magnification for Case
5 and 6. Looking at the images from top to bottom shows that evenness in
shape and size are increased, but perhaps an incomplete reaction (in the
right hand side, Case 6), or the combination of the two reactions (in the left
hand side, Case 5) is the cause of less purity in the two cases as the flowrate

is increased.
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Figure 4-6- Effects of increase in flowrate from top (100) to
bottom (300 ml/min) on the samples of Case5 (left)
and Case 6 (right). SEM images with Magnification of
600 (Scale bar is 50um)

Trends of change in degree of chlorination as a function of flowrate for 5
different cases are shown in Figure 4-7. Only two of them, Cases 5 and 6 were
fully analyzed with all of discussed analytical techniques and reported in this

Chapter.
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Effect of flowrate on degree of chlorination of AHCs

30
25 1 ==f=1).5% B.S.and 100% excess HCI
20
S w =@ 2% B.S. and 100%excess HCI
15
X
(=)
10 \K 5% B.S. and 100% excess HCI
5
=== 19 B.S. and 300% excess HCI
0 T T T 1
0 100 200 300 400  ==ie=3.59% B.S. and 300% excess HCI

Flowrate (ml/min)

Figure 4-7- Degree of Chlorination vs. flowrate

4.5 Average Particle Sizing of AHC Salts

This section contains supplementary analysis of the average particle sizing
(dp) that can help in justifying the effects of each variable on
aminehydrochloride (AHC) particles made in the CIJR.

First the protocol used in determining the average size of particles is
explained in detail. Second, the quantitative data acquired from 800 images is

illustrated and summarized in tables.

There is a way to do average sizing, using the surface of particles under
optical microscopy, and calculate respective diameter for each sample. This
would show average size of the single particles, excluding the large masses of

particles.

The MDA used in making blends was 97% pure Sigma-Aldrich and came in
white granular form. Sizing of the precipitated colorless bar shape MDA
particles cannot make much sense and be useful to compare with the AHC

solids, since the AHC particles were formed in turbulence but the MDA was
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precipitated from a stagnant blend. Therefore, AHC samples are the only

subjects of study in this section.
4.5.1 The Procedure Used in Processing the Optical Microscopy Images

AHC particles are sticky powders and it makes working with them a little
difficult. One of the most practical ways to make an even surface on the
microscope slides is to pour particles on the slides with a pipette and then
spray air parallel with slide surface. After blowing air with moderate speed, a
fine film of fine particles can be seen on the slide and it is ready to take

images with the optical microscope.

Images taken at 100X magnification are scaled and saved using “AxioVision”
software that operates the camera on the microscope. Images need to be
adjusted with post processing software packages. Adobe Photoshop is used

to adjust brightness and colors of images.

AxioVision itself can manually measure particles by drawing a circle around
the selected particles, but this is not very accurate and is also very time-
consuming. There is a free image processing software package called
“Image]” that can detect particles based on a threshold. This is used in
analyzing particle size of the small, single particles in this work. To illustrate
described procedure, two different cases are presented in following pages in

detail.

Case 7 provides images taken with the optical microscope from the particles
made of 0.5% MDA blend reacted with 100% excess HCl in the CIJR and
100ml/min flowrate, and Case 8 has the images taken with the optical
microscope from the particles made of 3.5% MDA reacted with 300% excess
HCl in the CIJR with 200ml/min flowrate. All images have the same

magnification, 100X and original dimension of 1386x1036 pixels (487x651
pum).
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Figures 4-8 and 4-9 show the post processing procedure on two selected
images of Cases 7 and 8 step-by-step. Tables 4-11 and 4-12 provide a
summary of the obtained quantitative data from all microscope images taken

from Cases 7 and 8.
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Figure 4-8- Post image processing of an image of Case 7; Top:
original image. Middle: threshold adjusted image.
Bottom: large agglomerated particles filtered. (100X
magnification for all images)
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Table 4-11-Data from analysis of the images taken from Case 7

Titles Area(um?) | Circularity! | Solidity? | Diameter(um)3
Fi 45 Mean 6.62 0.97 0.88 2.90
igure 4- X

14 Particles Min 2.43 0.75 0.78 1.76
Max 12.6 1 1 4.01
Total of 8 Mean 6.74 0.97 0.88 2.93
Images Min 2.21 0.7 0.77 1.68
185 particles Max 14.59 1 1 4.31

) ) ) A )

1: Circularity calculated from the following formula: 4m X —— ~°d > with a

Perimeter

value of 1.0 indicating a perfect circle.

2: Solidity for each particle calculated from:

Area

Convex Area’

3: Area based particle size equals the diameter of a sphere that has the

same surface area as the particle.
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Figure 4-9-Post image processing of an image of Case 8;_Top:
original image. Middle: threshold adjusted image.
Bottom: large agglomerated particles filtered. (100X
magnification for all images)
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Table 4-12- Data from analysis of the images taken from Case 8

Titles Area(um?) | Circularity | Solidity | Diameter(pm)
Mean 9.02 0.94 0.9 3.39
: ;9;‘ ar ret;}zs Min 3.92 0.89 0.84 2.49
Max 14.0 0.99 0.95 8.92
Total of 9 Mean 9.13 0.95 0.89 3. 41
Images Min 2.86 0.88 0.74 2.46
1016 particles | pqyx 14.12 0.99 0.96 8.99

4.5.2. Effect of MDA Concentration on the Average Particle Size

As expected, by increasing the MDA concentration, or blend strength,
theaverage particle size (dp) increased, as shown in Table 4-13. A lower

degree of chlorination results in bigger particles.

Table 4-13- Average particle size vs. MDA concentration

MDA 100ml/min flowrate and 100% | 200ml/min flowrate and 300%
I ——— excess HCI excess HCI

(Wt%) _ Average Starfda_rd . Average Stm?da_rd
Diameter (nm) Deviation Diameter (um) Deviation

0.5 2.93 2.1 2.77 2.2

1 3.14 2.4 3.07 2.3

2 3.39 2.5 3.31 2.4

3.5 3.78 2.9 3.39 2.4

5 3.94 2.5 3.70 2.2

4.5.3 Effect of HCl Concentration on the Average Particle Size

HCI concentration affects the particle size in reverse order, where increasing
HCI excess percent makes smaller particles. The standard deviation (o) in
Table 4-14 shows that the particles also have more even size distributions at
higher HCl concentration. In this case, the HCl concentration increases the

evenness in the size of the particles as was noted from the SEM images.
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Table 4-3- Average particle size vs. HCl concentration- 3 Case

studies (200ml/min flowrate)

HCl 0.5% MDA 2% MDA FOLI
E);‘Z;S Average . Average . Average .
Diameter(pum) Diameter(pm) Diameter (num)

0 3.13 2.4 3.65 2.6 3.96 2.4
100 2.89 1.9 3.33 2.4 3.70 2.3
300 2.77 1.9 3.31 2.3 3.70 2.1
700 2.78 1.8 3.28 2.3 3.64 2.0

4.5.4 Effect of Flowrate on the Average Particle size

As discussed in Section 4.5.3, the effect of the HCl concentration on the

average dp of AHC salts, an increase in the flowrate results in smaller average

particle sizes in almost all of the cases. In Tables 4-15 and 4-16, standard

deviation columns show more evenness in the size of the AHC salts for a

higher mixing intensity, and flowrate (shorter residence time).

Table 4-15-Average particle size vs. flowrate-3 case studies
(100% excess HCI)

0.5% MDA 2% MDA 5% MDA
Flowrate
(ml/min) Average . Average . Average pu
Diameter(pum) Diameter(um) Diameter (um)
100 2.93 2.1 3.39 2.5 3.94 2.5
200 2.89 1.9 3.33 2.4 3.70 2.3
300 2.87 1.7 3.28 2.4 3.67 2.0

Table 4-16-Average particle size vs. flowrate- 2 case studies
(300% excess HCI)

1% MDA 3.5% MDA
Flowrate ;
(ml/min) _ Average . Average Diameter .
Diameter (nm) (nm)
100 3.18 2.7 3.41 2.7
200 3.07 2.3 3.39 2.4
300 3.06 1.8 3.39 2.2
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4.5.5 Summary of Particle Sizing

From the data in Tables 4-13 to 4-16, it can be concluded that the average
particle size increases as the MDA concentration of the blend increases, but
there was no strong effect of flowrate or HCl concentration on particle size.
Figures 4-10 to 4-12 show the trends for all cases studied in Section 4.5,
confirming the above statement and demonstrating inverse effect of an
increase in flowrate or HCl concentration on the average particle size of the

AHC salts.

=®=100 ml/min and 100%
excess HCI

=f—200 ml/min and 300%
excess HCl

2 3 4
Blend Strength (wt%)

Figure 4-10- Effect of MDA blend strength on dp of AHC salts

45
2
e— =
R —¢ — ——0.5% B.S. and 200 ml/min
s,
S 15 —@=—2% B.S. and 200 ml/min
1
0.5 5% B.S. and 200 ml/min
0 . . . |

0 200 400 600 800
Percent Excess HCI (%)

Figure 4-11-Effect of % excess HCl on dp of AHC salts
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Figure 4-12- Effect of flowrate on dp of AHC salts

4.5.6 Statistical Analysis of the Effect of Process Variables on the

Particle Size
Two-way Analysis of Variance

A two-factor or two-way analysis of variance is used to examine how two
variables (independent variables) affect the mean of a response variable
(dependent variable). Therefore, there is interest in the effect of each factor,
and combined effect of both factors. It is important to realize that a factor is
considered controllable by the experimenter; that is, the values or levels, of
the factor can be determined prior to the beginning of the test program. The
objective of proposed experiment is to determine the effect of factors on the
response. In general, suppose two factors A and B; factor A has r levels and

factor B has clevels [62].

For two factors A and B, the level means from the total mean for factor A can
be estimated by pi = u + aj, where ai denotes the effect of the ith level for
factor A (i.e. the departure of the ith level mean p; for factor A from the total

mean p).
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Similarly, the level means from the total mean for factor B, is estimated: y; =
+ Bj, where f3j denotes the effect of the jth level for factor B (i.e. the departure
of the jth level mean y; for factor B from the total mean p). Table 4-17 shows

the relevant null hypothesis to the test for effect of each factor A and B.

Table 4-17- Null Hypothesis (Ho) in two-way ANOVA test

. Null Hypothesis . o
Test Desired Equivalent Hy Statistical Test
(Ho)
MS,
Effect of factor A U1 = Pz, == [y, ai=0foralli T ~F(dfy, dfg)
A
MSg
Effect of factor B W1 =z == e Bi =0 for allj MS ~F(dfg, dfg)
w

It means there is no significant difference between the levels of Factor A or B
and response variable will be the same in each one. In other words, this
factor has no effect on the output. In statistical terms, MS is the mean square,

w and e subscripts stand for within and error, and df is degrees of freedom.

In the following equations, Table 4-18, r is the sample size (at level r) of
Factor A, c is sample size (at level c) of Factor B and N is the total sample size

which is equal tor X c.

Table4-18- The Analysis of Variance Table for Two-Factor, Fixed
Effect Model.

Source of Degree of | Mean Square
.. Sum of Squares(SS
Variation fSq (55) freedom(df) (MS)
r
Between _ 2 _ _
o 55 = CZ(yl ) dfs =r—1 | MS, = SS,/df,
1=
C
Between Z —\2
SS - P = —_ =
Treatment B BTt ]'=1(YI & o =cd Ms = S58/dls
Error c T it
I y = ve — s — - v 2 E = —
(within SSg = ZZ(yl, -9+ | ey | MSe = SSe/dfe
Treatment) =
C r
Total SSt = ZZ(YU -9)? dff =N—-1 | MS; = SSp/dfp
j=1 i=1
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: MSk

F value for each treatment (k: A and B) is equal to: F, = MsSe

E
Fx is compared to Fit obtained from F-tables at the 5% significance level, and
if F>Fcit, then the effect is significant. There is another method to check the
whether the effect is significant or not that uses P-values for a specific

a(0.05), significance level, from the two-way ANOVA tables. In this case the

P-value must be less than 0.05.

A. Two-Way ANOVA Test for studying effect of Percent HCl Excess on

Particle Size

The objective is to investigate how significant the MDA concentration of the
blend affects the particle size. Simultaneously, studying the effect of % HCI
excess on particle size can be done. The experiment will be analyzed using a
two-way layout design with four levels (HCI concentration of the 0, 100, 300,
and 700) on factor A (% HCI excess), and three levels (MDA concentration of
the 0.5%, 2%, and 5%) on factor B (blend strength). The two-way layout

model without replication considers the influence of the main factor effects.

Table 4-19-Two-way ANOVA test for effect of % HCI excess and
blend strength on particle size

S,
ource of ss | df| ms F Pvalue | Fun
Variation
9% HCl Excess | 0.229167 | 3 | 0.076389 | 79.25072 | 3.23E-05 | 4.757063
Blend
en 148415 | 2 | 0.742075 | 769.8761 | 5.85E-08 | 5.143253
Strength
Error 0.005783 | 6 | 0.000964
Total 1.7191 | 11

Table 4-19 confirmed the visual results and there are significant differences
on average particle size values by increasing the HCI concentration and the
MDA concentration of the blend. As shown in Figures 4-10 and 4-11, it could

be concluded that the average particle size increases as the MDA
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concentration of the blend increases, and there is an inverse effect of increase
in HCI concentration on the average particle size of the AHC salts. Therefore,
at the 95% level of confidence we conclude there is a significant difference in
the particle size produced by the three blends and four HCl concentrations.
This experiment is done for the standard deviation of particle size with
similar results, as shown in Table 4-20. Both % HCI excess and blend strength
were effective factors on the average particle size of the AHC salts and its

standard deviation (can be interpreted here as uniformity).

Table 4-20-Two-way ANOVA test for effect of % HCI excess and
blend strength on standard deviation of particle size

S
ource of ss df MS F P-value Feri
Variation
% HCI Excess | 0.066851 | 3 0.022284 | 9.992927 | 0.009488 | 4.757063
Blend
en 0.070359 | 2 0.03518 15.77593 | 0.004079 | 5143253
Strength
Error 0.01338 | 6 0.00223
Total 0.15059 | 11

B. Two-Way ANOVA Test for studying effect of Flowrate on Particle Size
In this case a two-way layout design with three levels (flowrate of 100, 200,
and 300) on factor A (flowrate) and three levels (MDA concentration of the
0.5%, 2%, and 5%) on factor B (blend strength) is applied. Objective of
proposed experiment is to determine the effect of flowrate and blend on the
particle size (response).

Table 4-21- Two-way ANOVA test for effect of flowrate and blend
strength on particle size

S
ourceof | o df Ms F Pvalue | Fu
Variation
Flowrate | 0.035467 2 0.017733 | 7.360656 | 0.009886 | 6.944272
Blend 1.144067 2 0.572033 | 140.6639 | 0.000197 | 6.944272
Strength
Error 0.016267 4 0.004067
Total 1.1958 8
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As it is shown in Table 4-21, there is significant difference and no strong
effect of flowrate on particle size (P-value for flowrate is lower than a=0.05
which alpha is the level of acceptable significance). Particle size slightly
decreased as a result of increase in the flowrate, but not significantly (or
effectively). Table 4-22 shows the results of ANOVA test on standard
deviation of particle size, which verifies the previous conclusions on the

effect of flowrate on the evenness in particle size.

Table 4-22- Two-way ANOVA test for effect of flowrate and blend
strength on standard deviation of particle size

S
ou{‘ce. of %) df MS F P-value | F crit
Variation
Flowrate | 0.037687 2 0.018844 | 8.731999 | 0.04246 | 6.944272
e 0.099556 2 0.049778 | 17.7834 | 0.01022 | 6.944272
Strength
Error 0.011196 4 0.002799 - - -
Total 0.148439 8 - - - -

4.6 Conclusions

The dominant process variable in the formation of aminehydrochloride
particles is the local concentration of MDA. When the MDA concentration is
lower than 1 wt%, the particles are mainly MDA.2HCI; for higher than 1%
MDA blend, mostly MDA.HCl is formed. To be more precise, a local
concentration of 0.5 wt% in the CIJR is the dominant boundary in formation
of AHC salts, because the approximately equal flowrate for the opposite inlet
stream to the reactor, MCB solvent and dissolved HC], after mixing in the CIJR

drops the MDA local concentration to half of the blend side.

An increase in flowrate or local concentration of HCI- taken into account in

this work as the percent excess HCl- results in more even particle size and
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shape. The degree of chlorination, or purity, decreased at higher mixing

intensity and shorter residence time, whereas an increase in HCI

concentration has just the opposite effect on the products; each AHC salt was

purer when the MDA blend reacted with 4 times the required stoichiometric

HCIL. Incomplete hydrochlorination was observed with 0% excess or 100%

excess HCI.

Table 4-17, has the summary conclusions of all the sections of this chapter,

showing the effect of each variable when the other two are constant.

Table 4-23- Summary of Conclusions of Chapter 4

Variable Components and
studied Morphology FraeAS General Statements
, Efyect Olf -Bigger Particles Less degree of Structure depends on
increase in ; 2
-Less porosity chlorination; blend strength more
Blend o
Strength -Smoother surface transition from than any other
(MDA conc.) -Harder particles MDA.2HCI to MDA.HCI parameters.
Effect of Increase in evenness . , Evenness ar'wI reaction
Increase in of shape and particle Increase in Purity of progress increases.
) the AHC salts. Minor effect on the AHC
HCI excess size. .
salts formation.
Evenness increases but
Effect ojf Increase in evenness Decrease in Purity of causes more unreacted
Increase in of shape and particle or incomplete reacted
. the AHC salts. oo
Flowrate size. amines in products,

because of shorter Tres.
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5 Discussion and Conclusion

From a mixing point of view, slow chemical reactions can be successfully
carried out in stirred tanks by increasing the residence time, but confined
impinging jet reactors (CIJR) can be used for fast reactions that have a

smaller reaction time than the residence time of ordinary reactors.

Mixing in the CIJR has been characterized through chemical means by
Johnson and Prud’homme (2003), and a CIJR identical in size to the reactor
used in this study has also been characterized by Shad W. Siddiqui a former
student of this research group[31,39]. Siddiqui et al. (2009), reported that
above flowrate of 165ml/min the flow in CIJR was found fully turbulent and
the energy dissipation (€) varied from 20-6800 W/kg with peak dissipation
occurring at the impingement point and decaying away in both radial and

axial directions [45].

The reaction studied in this project, hydrochlorination of 4,4’-methylene
dianiline, is a precipitation reaction with a very small reaction time. This
reaction is an undesired side-reaction in the manufacture of isocyanates
which produces highly insoluble amine hydrochloride salts, causing very
costly downstream digestion and loss of starting material. Gibson et al., 2010,
investigated the solid state structure, thermal stability and solution phase
behavior of the products in order to conclude a kinetic model for recovery of
the valuable starting material from the unwanted amine hydrochloride salts.
Gibson found very extensive and strong intermolecular bonding present in
structure of MDA and MDA.2HCl, determined from the lattice energy
calculation, and very limited solubility of MDA.2HCl (<1x10->mol/lit) in the
process solvent (chlorobenzene), measured using H NMR spectroscopy, that
did not allow her to investigate kinetic studies for these AHC salts [11].

However, kinetic study on another hydrochloride salt formed from
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hydrochlorination of 4-benzylaniline (4-BA.HCI), which is another unwanted

side-reaction during synthesis of isocyanate, was very successful [12,14].

Formation of the two AHC salts produced in this work, MDA.HCl and
MDA.2HCI which are representative of structures of industrial waste material
in this process, were investigated. First the salts were formed in the CIJR
under different reaction conditions: Local concentration of the reagents
(MDA blend strength and percent excess HCl) and mixing intensity. Then the
solid particle products were analyzed and characterized using a range of
analytical techniques such as: Elemental analysis (CHNCI), Fourier transform
infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC), scanning electron microscopy (SEM) and optical
microscopy. The compounds and compositions, morphology and average

particle size of AHC salts were reported with the following main conclusions:

1- The two different structures of MDA.HCI and MDA.2HCI] were identified as

the main structures of the produced aminehydrochloride salts in the CIJR.

2- These two different structures were characterized using qualitative and

quantitative analysis with some outstanding key properties:

2-1- Degree of chlorination (%Cl) is above 26% for MDA.2HCl, and
under 15.5% for MDA.HCL

2-2- These AHC salts have specific peak assignment in FTIR spectra
that can distinguish each of them from MDA.

2-3- The DSC data reveals specific temperature range(s) for phase
change in each AHC salt and this can verify the elemental analysis and
FTIR data.

2-4- MDA.2HCl has a porous and spongy structure, whereas in
MDA.HCI particles are harder with a rocky shape surface.

2-5- MDA.HCI particles agglomerated to very large masses which
makes finding single particles in microscopic images more difficult

than the MDA.2ZHCl samples.
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2-6- The average size of a single (or primary) particle found in
MDA.HCI powder samples is around 30% bigger than the MDA.2ZHCl
particles.
3- The MDA blend strength (local concentration of amine) dominates the
structure of AHC salts; low blend strength (less than 1 wt% which is later
lowered in the CIJR to 0.5% because of mixing with the MCB stream entering
from the opposite side of the CIJR) results in MDA.2HCI, and high blend
strength up to 5 wt% produces particles of MDA.HCL

4- The effect of HCl local concentration (discussed in this work as percent
excess HCl) is not as important as MDA blend strength, but this study
concludes that MDA does not fully react to MDA.HCI unless there is excess
HCI; 300% excess HCl was the optimum percent excess for making the purest
AHC salts for both low and high MDA blend strengths. In other words, higher

excess HCl causes a higher degree of chlorination.

5- An increase in excess HCI slightly decreased the average particle size of the

salts, while increasing evenness in the product powder size and shape.

6- The effect of mixing intensity (flowrate) on the formation of AHC salts was
more complicated than the local concentration of the reactants; the degree of
completion of reaction and the %Cl of the produced salts decreases as a
result of increase in flowrate (rapid mixing) and consequently decrease in

residence time.

7- The average particle size of the particles declined steadily by increasing
flowrate, but a clear rise is reported in evenness in the particle size.
Microscope images also show that higher flowrate makes the AHC particles

evener in shape.
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Appendices
Appendix 1. Mass Balance Calculations

The simplified reactions in the CIJR are as follows:
MDA+ HCl - MDA.HCI

MDA + 2HCl - MDA.2HC! Picked for calculation

Mass Balance calculation needs some physical properties of the reactants and
products which can be found in Table A-1. Sample detailed calculation is
done for one of the samples, and summary data of 2 different case studies in

Chapter 4 is provided in Table A-2.

Table A-1- Required Physical properties of the Components for
Mass Balance Calculation

Molar Mass

Material Name Formula Densi
(g/gmol) il
4,4’-Methylene dianiline(MDA) Ci13H14N; 198.26 1.15 g/cm3 at 25°C
MCB CsHsCl 112.56 1.11g/cm3 at 25°C
) SpGr=1.26 (Air=1
Hydrogen Chloride HCI 36.46 at 1 atm and 20°C)
Methylene dianiline
monohydrochloride (Mpa.Hc) | ¢V 234.72
Methylene dianiline CisH16NoCly 271.19

dihydrochloride (MDA.2HCI)

Sample Calculation for the solids made from 2 wt% MDA reacted with 100%

excess HCl and flowrate of 100 ml/min (50 ml/min each side):

MDA in = MDA ou; MDA i, = MDA existing in the solid products + Error in MDA
Balance

2

3
MDA in (g) = 1min x 50 (o) x (==

) (mass fraction) X p(cr%); where p = 1.11
Then, MDAin =1.11g

Produced solid weight =1.28 g
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Molar Mass of MDA
Molar Mass of the solid

MDA exsisting in the solid product = Mass of the solid X
1.28(g) x 198.26

= = 1.058g
(234.72 x MDA.HC1% + 271.19 x MDA. 2HC1%) X 100
) MDA;,, — MDA existing in the solid product
Relative Error Percent = X 100 = 4.67%

MDA;,

There are a range of error sources contributing in the error term, such as:
experimental error in measuring weight and volume, recording the run time,
switching of the valves, remaining MDA in the waste MCB, dissolved AHC in
the waste MCB. Also blend preparation might add another source of error, i.e.

making MDA concentration of 2 wt% MDA.

The HCI side of the CIJR can have even more uncertainty in calculation,
because setting the HCI flow on the specific point and switching the 3-way
valve from Air to HCl, and dissolved HCI in the waste MCB definitely add

difficulties in closing mass balance over the system.

HCl is fed based on 100 percent excess HCI of reaction to make MDA.2HCI salt
and ideal gas law equation. The HCI flowmeter set to a volumetric flow to

allow the HCI mass flow be exact as it calculated.
HCl i,=HCI out,

HCl i, = HCI existing in the solid products + HCl gissotved in mce + HCI degased t Error in HCI Balance.

Stoichiometric Coefficient of HC]

Stoichiometric Coefficient of MDA
X Molar Mass of HCl = 0.82 g

HCl, (g) = 2( ) X mol of MDA

_ Molar Mass of HCI
HClexisting in the solid product = Mass of the solid x Molar Mass of the solid
_ 128x 36.46 x ((0.86) + 2 x (0.14)) 0.22
- 239.82 e

As the products exit the CIJR at atmospheric pressure, the solubility of HCl in
MCB decreases, and the HCI mole fraction in MCB cannot exceed 0.03 or in

terms of mass is 1.09 g. Titration of the caustic solution shows no change in
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pH which makes sense because the expected remaining HCl in the waste was

0.82-0.22=0.6g that is lower than the solubility limit of HCl in MCB.

Titration of the NaOH solution for neutralization of the degased HCI is
reported no change for most of the cases. However in some cases with higher
MDA concentration and high HCI excess amounts there was 65-90% success
in absorbing the degased HCI. As the HCI detector did not show major change
in detected HCl in the vent stream, 10-35% error in HCl component balance.

Table A-2- Summary of the Material balance for two Case Studies
in Section 4-2

Process Variables MD/_I HClin HCI degasgd HCl
MDA HCI Relative MCB absorbe_d in Relative
Conc. | Flowrate | excess | ETTor(%)' | yoie @) caustic Error(%)?
wt% % Solution (g)

0.5 100 100 7.70 011 0 N/A
1 100 100 6.66 023 0 N/A
100 100 4.67 0.6 0 N/A
3.5 100 100 522 1.07 0 N/A
5 100 100 2.44 1.54 0.35 21
0.5 200 300 5.03 0.62 0 N/A
1 200 300 3.19 1.05 0 N/A
2 200 300 2.06 2.77 1.14 32
3.5 200 300 1.15 4.95 3.33 16
5 200 300 0.62 7.15 543 10

MDA, —MDA existing in the solid product %
MDAjp

1: Relative Error for MDA is calculated from

100.

. . HClq4 d —HClabsorbed in the Caustic Soluti
2: Relative Error for HCl is calculated from cgase HSCT cd In the Caustic Solutlon «
degased

100; where HClgegased is the difference between the remaining HCl leaving the solid

product and the maximum amount soluble in the waste MCB.

Appendix 2. Dissolution of Gaseous HCl in MCB

There are two sets of data provided in this appendix; first serie obtained
from experimental data from the plant. Second serie is a simulated case study
using VMGSim software.
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Figure A-2- Simulation result chart of solubility of HCl in MCB vs.
Pressure

These two sets of data have less than 8% relative error to the mean value. By
knowing the stoichiometric coefficients and HCl excess percent, system
pressure must be set at a point that highest value of HCI flowrate to be
dissolved completely in MCB. The highest MDA concentration selected to
react with HCl is 5 wt% which needs 0.02 mol fraction HCI in the opposite
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side of the CIJR to react based on stoichiometry of the reaction. 1000% HCI
excess for this basis, 5 wt% MDA concentration, is equal to 0.1 mol fraction
HCI in MCB, where in practice the highest excess percent of HCl gas was
selected 700%. Therefore, according to the plots of the two series data, 4 bar
gauge has an acceptable safety factor that keeps all the HCl dissolved in the
MCB.

Appendix 3. Safe Work Procedure and Checklists

Safe Work Procedure: How to handle HCl gas cylinder in the lab and How to

operate process of Aminehydrochloride salts’ formation

Research Group: i
Lab Location: #6120, CME Building '
Created by: Navid F. Ershad i
Supervisor: Dr. Suzanne Kresta |
Date: October 12, 2011
Emergency Contact: Control center 780 492 5555 E

References:

1-Praxair MSDS for Hydrogen Chloride, anhydrous (P-460-F).

URL:http://www.praxair.com/praxair.nsf/0/214c050cech3d6d885256a8600815177/$FILE
/p4606f.pdf

2-PPG MSDS for Monochlorobenzene(MCB)
URL:http://gourabghosh.weebly.com/uploads/4/1/0/3/4103543/monochlorobenz.pdf
3-Sigma-Aldrich MSDS for: 4,4’-Methylenedianiline (MDA)

URL:http://www.sigmaaldrich.com/catalog/ProductDetail.do?D7=0&N5=SEARCH CONCAT
PNO%7CBRAND KEY&N4=92020424%7CSIGMA&N25=0&QS=0N&F=SPEC

4- Chemical Spill Procedure-AKA as Safe Work Procedure: minor chemical spill- by Andree
Koenig

URL: https://cmesql.eche.ualberta.ca/safety/index.php/Chemical Spill Procedure
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Part A- How to handle HCI gas cylinder in the lab

Contents
1 Scope

2 Important properties of gaseous HCI

3 Potential Health Effects of gaseous HCI
4 Emergency Procedures

5 Disposing of Material Safely:

6 Step by Step Procedures for the Process;

Starting/operating/shut downing the experiments

1. Scope

HCI gas cylinder with commercial name of Hydrogen chloride HC 2.0 (>99%)
is provided by Praxair Canada. The major use of this gas is in semiconductor
process, but can be used for other processes as well. In this lab, HCI is
dissolved in MCB (monochlorobenzene) to react with DADPM (4,4'-Diamino
diphenyl methane) blends in MCB. Operating of this gas must be done under

high safe condition with safe procedures which will be discussed further.
2. Important Properties of gaseous HCl

Appearance: Colorless gas. Produces white fumes in moist air.

Odor: Pungent, suffocating

Physical State: Gas at normal temperature and pressure

Melting Point at 1 atm: -173.5°F (-114.2°C)

Boiling point at 1 atm: -121°F (-85°C)

Flash Point (test method): Not applicable.

Evaporation Rate (Butyl Acetate = 1): High

Flammability: Non-flammable

110


https://cmesql.eche.ualberta.ca/safety/index.php/SAFE_WORK_PROCEDURE:How_to_work_and_store_pyridine#Scope
https://cmesql.eche.ualberta.ca/safety/index.php/SAFE_WORK_PROCEDURE:How_to_work_and_store_pyridine#Pyridine_Physical_Properties:
https://cmesql.eche.ualberta.ca/safety/index.php/SAFE_WORK_PROCEDURE:How_to_work_and_store_pyridine#Potential_Health_Effects
https://cmesql.eche.ualberta.ca/safety/index.php/SAFE_WORK_PROCEDURE:How_to_work_and_store_pyridine#Emergency_Procedure
https://cmesql.eche.ualberta.ca/safety/index.php/SAFE_WORK_PROCEDURE:How_to_work_and_store_pyridine#Disposing_of_Material_Safely:
https://cmesql.eche.ualberta.ca/safety/index.php/SAFE_WORK_PROCEDURE:How_to_work_and_store_pyridine#Step_by_Step_Procedure_for_the_Process

3. Potential Health Effects of gaseous HCI

HCI gas is toxic, corrosive, high-pressure liquid and gas; may cause liver and
kidney damage. It can cause eye, skin, and respiratory tract burns. Self-
contained breathing apparatus must be worn by rescue workers. Under

ambient conditions, this colorless gas has a pungent, suffocating odor.

4 Emergency Procedures
4-1. First Aid Measures:

Skin Contact: Hydrogen chloride gas may severely irritate the skin, causing
chemical burns with ulceration and scarring. Repeated exposure to vapors

may produce dermatitis.

With prolonged or widespread contact, the skin may absorb harmful

amounts of material.

In this case, immediately flush skin with plenty of water while removing

contaminated clothing and shoes. Discard clothing and shoes.

Eye Contact: Exposure to the eye causes immediate pain and irritation with
excess tear production and closure of the eyelids. The severity of the injury
depends on the concentration and duration of contact and may range from
slight excess redness and irritation of the conjunctiva to total corneal

opacification and blindness.

In this case, immediately flush eyes thoroughly with warm water for at least
15 minutes. Hold the eyelids open and away from the eyeballs to ensure that
all surfaces are flushed thoroughly. See a physician, preferably an

ophthalmologist, immediately.
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Inhalation: Overexposure to vapor concentrations moderately above 5 ppm
irritates the upper respiratory tract. Concentrations ranging from 50-100
ppm are intolerable. High concentrations (as instance greater than 50 ppm)
cause choking, coughing, burning of the throat, and severe irritation of the
respiratory tract. Ulceration of the nose, throat, and larynx; laryngeal spasm;
pulmonary edema; and general lung injury may also occur. Exposure to
concentrations of 1500-2000 ppm is life-threatening. Liver and kidney injury

has been reported after exposure to vapors.

If it happens, immediately remove to fresh air. If not breathing, give artificial
respiration. If breathing is difficult, qualified personnel may give oxygen.

Keep victim warm. Seek medical attention promptly.

Swallowing: Highly toxic. It may cause chemical burns of the mouth, throat,
esophagus, and stomach, with severe pain, nausea, diarrhea, vomiting,

dizziness, weakness, and collapse.

If it is swallowed, try to rinse mouth with water. Give two glasses of water.

Do not induce vomiting. Call a physician.

NOTES TO PHYSICIAN: Keep victims of overexposure under medical
observation for 24-48 hours. The hazards of this material are mainly due to
its severely irritant and corrosive properties on skin and mucosal surfaces.
There is no specific antidote. Treatment of overexposure should be directed
at the control of symptoms and the clinical condition of the patient. Contact
the Poison Control Center in your area for additional information on patient

management and follow-up.
4-2: Exposure Control:

OSHA PEL!: 5 ppm; ACGIH TLV-TWA 2(2008): 2 ppm; IDLH3: 50 ppm

1 OSHA PEL: Occupational Safety and Health Administration Permissible Exposure Level

2 TLV-TWA: the allowable time-weighted average concentration for a normal 8-hour workday or 40-hour week.
ACGIH (American Conference of Governmental Industrial Hygienists)
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Odour threshold for HCI is less than 1 ppm. TLV-TWAs should be used as a
guide in the control of health hazards and not as fine lines between safe and

dangerous concentrations.
Engineering Controls:

Local Exhaust: Use a corrosion-resistant system with sufficient air flow to
keep the hydrogen chloride concentration below the applicable exposure

limits in the worker’s breathing zone.

Mechanical Control:

-Not recommended as a primary ventilation system to control worker’s
exposure.

-A corrosion-resistant, canopy type, forced-draft fume hood may be preferred
for some applications.

-Using a Gas Monitor is strongly recommended close to gas cylinder to find
out any leakage.

-An appropriate fail safe valve is recommended to attached to the process,

best point for that is just after regulator

Personal Protective Equipment:

Skin Protection: Wear work gloves for cylinder handling. Eye/Face
Protection. Wear safety glasses when handling cylinders: vapor-proof goggles
where contact with product could occur. Select per OSHA 29 CFR 1910.133.
Metatarsal shoes for cylinder handling and protective clothing where needed.
Select per OSHA 29 CFR 1910.132 and 1910.133. Regardless of protective
equipment, never touch live electrical parts.

Respiratory Protection: A respiratory protection program that meet OSHA 29
CFR 1910.134, ANSI Z88.2, or MSHA 30 CFR 72.710 (where applicable)
requirements must be followed whenever workplace conditions warrant

respirator use. Use an air-supplied or air-purifying cartridge if the action

3 IDLH: Immediately Dangerous to Life and Health
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level is exceeded. Ensure the respirator has the appropriate protection factor
for the exposure level. If cartridge type respirators are used, the cartridge

must be appropriate for the chemical exposure.

4-3. Accidental Release Measures:

This gas is toxic, corrosive, high-pressure liquid and gas.

The following is steps to be taken if material is released or spilled in general:

Immediately evacuate all personnel from danger area. Do not approach area
without self-contained breathing apparatus and protective clothing. Reduce
vapors with fog or fine water spray. Shut off leak if without risk. Ventilate
area of leak or move cylinder to a well-ventilated area. Prevent runoff from
contaminating the surrounding environment. Toxic, corrosive vapors may
spread from spill. Before entering area, especially a confined area, check
atmosphere with an appropriate device. Reverse flow into cylinders may

cause rupture.

Regularly check with Gas Detection Monitor to see leakage order. Three level
risk is recommended based on gas release quantity and exposure control

data:
A) Slightly over than 2ppm leakage (TLV TWA based on ACGIH):

This level should be controlled carefully by a person who is working with HCl
gas. Exposure over this limit for 40-hour a week is not allowed. First, wear
respirator, and then check for any failure in connections with moving sensor
close to gas line, and let it stagnant close to each point for more than gas
detector’s response time to find out failure spot. Once it is found, shut down

experiments and fix that spot.
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B) Slightly Over 5ppm leakage (OSHA):

Evacuate the lab. Wear respirator and proper gloves and coat to get into lab
and shut down set-up. Check with gas detector if HCl concentration is going
down and lab is safe to enter. Try to find the leak point using purge gas to fix
the problem, and start over with HCl when wearing respirator to see if there

is no problem exists.

C) Far over OSHA limit and (Close to IDLH):

In this case, immediately evacuate the lab. Call 911 and safety persons in the
campus. Stay away of the lab and don’t let anybody to get close. Check with
Gas Detector and report the situation to safety specialists and physician. Do

not go back to the lab unless the lab is ventilated well.

4-4. Handling and Storage:

When handling the cylinder, do not breathe gas. Do not get vapor or liquid in
eyes, on skin, or on clothing. Have safety showers and eyewash fountains
immediately available. Protect cylinders from damage. Use a suitable hand
truck to move cylinders; do not drag, roll, slide, or drop. Never attempt to lift
a cylinder by its cap; the cap is intended solely to protect the valve. Never
insert an object (e.g., wrench, screwdriver, and pry bar) into cap openings;
doing so may damage the valve and cause a leak. Use an adjustable strap
wrench to remove over-tight or rusted caps. Open valve slowly. If valve is

hard to open, discontinue use and contact your supplier.

Precautions in storage are: Try to store and use with adequate ventilation.
Firmly secure cylinders upright to keep them from falling or being knocked
over. Screw valve protection cap firmly in place by hand. Store only where
temperature will not exceed 125°F (52°C). Store full and empty cylinders
separately. Use a first-in, first-out inventory system to prevent storing full

cylinders for long periods.
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5 Disposing of Material Safely:

Waste Disposal Method: Keep waste away from surrounding environment.
Also, keep personnel away from the lab. If the gauge shows there is some gas
existing in the cylinder and the experiments are done, contact gas supplier to
return cylinder. Do not attempt to dispose of residual or unused quantities if

there is any.

6 Step by Step Procedures for the Process;

Starting/operating/shut downing the experiments

6-1. Start-up: Follow these steps:

- Wear respirator, safety glasses, lab coat, and work gloves

- Tighten the cylinder either to the wall or a heavy bench to make sure
it is physically stable

- Close the main valve tightly and remove the valve head to prevent
any unwanted opening

- Attach the regulator () and close the valves

- Attach the process lines, and make sure the materials-especially metals-
are compatible with HCl gas and also other reactants.

- Open the main valve gently and the first regulator and keep the
second valve closed to operate during the process

- Make sure that every piece of equipment except for HCI cylinder and
connecting tube is under fume hood, and ventilation system works
properly.

- As outlet stream must be neutralized, check if product is vented to
NaOH solution correctly; the outlet stream should be go thru a blow
off valve(back pressure) and leads to a container witch is vented to a
NaOH tank with a splash guard to prevent overloading. Then it can
be vented to fume hood. Also ventilation must be checked with Gas
Detection Monitor regularly to control NaOH saturation

- If applicable, check the status of gas detector and ask supervisor if it
is calibrated

- Check fail safe valve condition in the set-up

(): regulator must be compatible with HCI gas and corrosive resistant
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6-2. Operating Process: As this process is dissolving HCI gas in MCB, make
sure how much the gas flow rate should be to dissolve completely. Also, first
run with gas side valve closed for a while, then open it to make sure there is
no gas bubbles in the product. Note that gas detector is on and calibrated
correctly. After opening the final valve for HCI, check its status to make sure

process starts and is operated safely.

6-3.Shut down: After finishing data collecting, let the other stream continue
following and close the HCI valve. Then other reactants’ pumps can be stop

from running. It is safer to wear respirator and safety glasses on.

6-4.Swapping/Disconnecting the Cylinder: In case of swapping the empty
cylinder with a new one, or after finishing experiments in order to
disconnecting the cylinder from process, it is mandatory to perform this

action under a safe procedure. To suit that task, follow this procedure:

- Evacuate others from lab, it means everyone remaining in the lab
should have respirator and proper gloves.

- Wear respirator, safety glasses, lab coat and work gloves

- Move the new cylinder close to the clamp and old cylinder and swap
the cylinders and tighten the new one.

- Check the Gas Detection Monitor works

- Close the main(top valve)

- After evacuating the HCl gas accumulated in the line and regulator
using the main safe process of set-up, close the regulator and detach
that from old cylinder.

- Contact the cylinder provider to take out old HCl cylinder from the
lab

- To start with new cylinder, see section 6.1.

7 Maintenance Procedures

Frequently check the regulator and gas condition. Make a check list contains
of items like clamp stability condition, cylinder Pressure, fittings and

connections, process pipeline, flow meter, respirator cartridge etc.
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If applicable check gas monitor device, ventilation system, and process as

well to make sure if there is any flaw in the system.

Part B- How to operate process of Aminehydrochloride(AHC) salts’

formation

Contents

1 Scope

2. Important Properties of MDA and MCB:

3. Hazards, Protection, First Aid and Storage of MDA and MCB:
4 Emergency Procedures

5. Operating Procedure Checklist

1. Scope:

The AHC formation process in the mentioned lab is a reaction between MDA
(4,4'-Methylenedianiline) and gaseous HCl in MCB(Monochlorobenzene)
solvent as environment. The two steps of the process simply can be named
with blending and exposure of MDA/MCB blend to HCl. The reaction is
operated in a jet reactor (CIJR) that inlets are MDA/MCB blend and HCI
dissolved in MCB. As the whole process is operated under fume hood, there
are not high safety risks in this procedure, but still safety precautions should

be considered.
2. Important Properties of MDA and MCB:
2-1. MDA:

Description: 4,4’-Methylenedianiline AKA as 4,4’-Diaminodiphenylmethane.

Light yellow crystalline solids in ordinary temperatures.
Melting range: 190-198°F (88-92°C)

Flash point: 446°F (230°C)- closed cup
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2-2. MCB:

Description: Water-white, volatile, flammable, liquid at ordinary handling

temperatures. It has a pleasant, almond-like odor.

Boiling Point: 268.9°F (131.6°C)

Flash Point: 81.5°F (27.5°C) - closed cup

Flammable limits in Air: Lower 1.3%, Upper 11%

Auto-ignition Temperature: 1094°F (590°C)

3. Hazards, Protection, First Aid and Storage of MDA and MCB:
3-1. MDA:

3-1-1. Hazards:

-Target organ effects-Excessive or chronic exposure may cause liver
damage.

-Potentially Carcinogen; primary route of entry are skin contact and
inhalation.

3-1-2. Protection:

Avoid all personal contact: Use chemical resistant gloves, goggles and
outer clothing and launder any DADPM stained-clothing before reuse.

3-1-3. First Aid Procedure:

-Eye Contact: Flush with water for 15 minutes.

-Skin Contact: Wash thoroughly with soap and water.
-Inhalation: Remove to fresh air, get medical attention.
-Ingestion: Induce vomiting, contact physician.

3-1-4. Storage and Handling:

-Store away from sources of direct heat in a dry area
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-For frequent use keep the container under fume hood

3-2.MCB

3-2-1 Hazards:

-Vapor and liquid extremely irritating to eyes and skin; may be
absorbed through skin

-Harmful and fatal if inhaled; very toxic

- Flammable; keep away from sparks, flames and other sources of
ignition

3-2-2 Protection:

-Avoid contact with eyes and skin; wear goggles and chemical suit
-Handle with mask and under fume hood; long-term exposure may
cause kidney/liver injury

-Do not eat and drink in work area

3-2-3 First Aid Procedure:

-Eye Contact: Flush with warm water for at least 15 minutes

-Skin Contact: Run gentle stream of water for 15 minutes; use soap or
skin cleanser

-Inhalation: Remove from area to fresh air; contact physician
-Ingestion: Do not induce vomiting; gently wipe inside of the mouth
with water; contact emergency room

3-2-4 Storage and Handling:

-Store in a cool, dry, well-ventilated place; container must be closed
and labeled.
-For frequent use, keep the container under fume hood.

4. Emergency Procedures:

Considering MDA and MCB properties and operating conditions in the lab,

the only important risk is minor chemical spill that in this case, referring to

120



SWP titled Chemical Spill Procedure by Andree Koenig [4], there are some

necessary steps to follow:

1- Put on personal protective equipment (PPE): You must be wearing proper
PPE for the nature and the extent of the spill. Safety glasses, a lab coat and

gloves are the absolute minimum PPE.

2- Assess difficulty of cleaning procedure: Assess the extent of the spill and
the nature of the chemical. Make sure you have the proper PPE and that it is
well maintained. Check that you have enough absorbent and that it is
appropriate. Make sure you have back up in case something unexpected

happens, or if the task is bigger than originally assessed.

3- Clean the spilled area: Cover the drain if there is a chance that the spill
may reach it. If you do not have a drain cover, pour enough adsorbent to
create a dam around the drain. Continue building the dam around the spill.
When the spill is contained continue pouring the absorbent on the liquid
until you can see that some of the absorbent is staying "dry", or that you have

an excess of adsorbent.

Obtain a container big enough to put in all the used absorbent. If the liquid
was a flammable liquid, only use non sparking tools. Use PPE and extreme

caution.

Note: After you have started picking up the spill, if you feel the task is more
than you can handle, or you feel you and others are at risk. Leave the lab and
re-evaluate. You may call for assistance at any time.

4- Follow up: Send all used absorbent, contaminated gloves, contaminated
broken glass to chemical waste disposal (Waste Disposal for the
Laboratories). Reorder absorbent and any other supplies you used. Check

that any equipment used (respirator as instance) is cleaned and ready to be
used again if needed.

121


https://cmesql.eche.ualberta.ca/safety/index.php/Waste_Disposal_for_the_Laboratories
https://cmesql.eche.ualberta.ca/safety/index.php/Waste_Disposal_for_the_Laboratories

5. Operating Procedure Checklist
Make sure that the following items are checked:

1. Preparing before run:

- Respirator; Positive and negative pressure test and cartridge status

- Cylinder clamp is tightened properly

- Gas monitor calibrated less than 6 month ago

- Gas monitor battery has enough charge for the whole week

- HCl sensor cap is removed, and the sensor interface is clean

- Fume hood ventilation is working properly

- MCB and Blend stock is enough for the day’s runs

- Caustic solution (NaOH) is in specific pH, and outlet tubing condition is in
good condition

- Timer, wrenches and other necessary tools are available in the
experiment area

- Pumps and mixer are plugged in and ready to use

- Every piece of equipment except for HCI cylinder and connecting tube
must be under fume hood, and ventilation system works properly

- Purge gas has enough pressure

- Fill flow-meter and gas line with purge gas

2. Start-up: Follow these steps:

- Put respirator, safety glasses, lab coat, and work gloves on

- Check all tubing and connections and secure all loose ends

- Open the cylinder main valve gently, but leave the regulator and needle
valve closed

- Turn the feed switch to MCB on both reactant sides

- Turn the product switch to waste

- Start the pumps (pure MCB run) in equilibrate flow
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- Switch gas line to HCI to let purge gas out of the process line

- Open the regulator and needle valve and adjust desired HCI flow for the
flow-meter

- Turn the feed switch to “Blend” and product switch to “Sample collector”

and click the timer”*

*: There will be a delay between this switch and arrival of good sample to the
sample beaker. After running some tests, the switching procedure should be

adapted to this delay

3. Shutdown: Follow these steps:

- Turn product switch to waste and click the timer

- Turn Feed switch to MCB

- Turn gas switch to purge gas and close the needle valve

- Close the regulator and main cylinder valve

- Turn switch to HCl and open the regulator and needle valve to remove
accumulated HCl in the all equipment pieces, and then turn the switch
into purge again -this step will remove all accumulated HCl in the line

- Turn off the pumps and if it is needed, pump methanol to clean the CIJR
and product lines.

- Dispose of the waste and seal the samples for further characterization

- Check personal detector and record HCl exposure during the run.

- Record final pH of NaOH- by titration or pH-meter
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