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ABSTRACT

Integrating Safety Issues in Optimizing Solvent Selection
and Process DesigfAugust 2a.0)
Suhani Jitendra Patel, B.S., University of Mumbai

Chair of Advisory Committee: DM. Sam Mannan

Incorporating consideration for safety issues whligsigningsolvent processes
has become crucial in light of the chemigabcessincidents involving solvents that
have taken place in recent years. The implementation of inherently safer design
concepts is considered beneficial to avoid hazards during early stages of design. The
application of existing process design and sliog) techniques that aitie concepts of
O6substitutiond, 6intensificationd6 and Od6att
6substitutiono, c 0 mp(CAMDY teclaniquk dhab beemmdpmieddol ar d e
select inherently safer solvents for a solvt operation. For 6i nt
6attenuationé, consequence models and regul
integrated into process simulation. Combining existing techniques provides a design
team with a higher level of information to makedens based on process safety.

CAMD is a methodology used for designing compounds with desired target
properties. An important aspect of this methodology concerns the prediction of
properties given the structure of the molecule. This work also invesstigéne

applicability of Quantitative Structure Property Relationship (QSPR) and topological



indices to CAMD The evaluation was based modek developed to predict flash point
properties of different classes of solvents. Multiple linear regression amal metwork
analysis were used to develop QSPR maqdbeisthere are certain limitations associated
with using QSPR in CAMD which have been discussed and need further work.

Practical application of molecular design and process ddsigmiques have
been demonstratedn a case studyon liquid-liquid extraction of acetic acidater
mixture. Suitablanherently safesolvents were identified using ICA®&0CAMD, and
consequence models were integrated Adpen Plusimulator using a calculator sheet.
Upon integratinglammable and toxic hazard modeljrsglvents such as-Bonanone, 2
nonanone and -Bethyl2-hexanone provide inherently safer optionsyhile
conventionallyused solvent, ethyl acetate, provides higher degree of separation
capability. A cowrlusive decision regarding feasible solvents and operating conditions
would depend on design requirements, regulatory guidance, and safety criteria specified
for the process.

Inherent safety has always been an important consideration to be implemented
during early design steps, and tnesearchpresents a methodology to incorporate the

principles and obtain inherently safer alternatives.
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1. INTRODUCTION *

1.1 Solvent hazards

Solvents are widely used ahemicalindustries in several different processesl
millions of industial workers are exposed to solvents on a daily b&ilvents are used
in industries, such as construction, maritime, retail, and general ind@rain
characteristics and physical/chemical properties of solvents make them useful, while
other properties make them extremely hazardous. Solvents are generally organic
chemicals that tend to be highly flammable and toxic. Issues such as human and
ecolaical toxicity, process safety hazards and waste/pollution management are a
concern for solvent processes.

The main health hazasaypically associated with organic solvent exposure
include nervous system damage, kidney and liver damage, adverse rapeodiffietts,
skin lesions, and cancdExposures to very high concentrations of certain solvents may
even cause death. A review of O8Hecords has shown that eight worker deaths
between 1975 and 199dccurred from overexposure to a single solvent,
trichloroethylend Some commonly used solvents and the various health effects

associated with them have been showfahblel.

This dissertation follows the style bfdustrial and Engineering Chemistry Research

" Part of this section is reprinted with permission fri@inherently safer design of solvent
processes at the conceptgtdge: Practical application for substitution b.yate§ D
Ng, M. S. Mannan, 2010Journal of loss Prevention in theProcess Industries
doi:10.1016/}.jlp.2010.03.00Zopyright 2010 b¥lsevier Ltd.



Table 1. Health effects of commonly used solvents

Health effect Examples of solvents

Damage to nervous syster n-hexane, perchloroethylenepatyl mercaptan

Damage to liver or kidney Toluene, carbon tetrachloridg,1,2,2i

tetrachloroethane, chloroform

Reproductive hazards 2-methoxyethanol, 2thoxyethanol, methyl chloride
Suspected or known Carbon tetrachloride, trichloroethylene, 1,1;2,2
carcinogens tetrachloroethane, perchloroethylene,

perchloroethylenanethylene chloride

The main physical hazard of solvents is associated with its flammability.
Solvents are organic chemicals with fairly low flash point, explosive (or flammability)
limits, and autoignition temperature. These properties are indicdtithee dendency of
solvents to cause fires or explosions. Flammability relgbeoperties for some

commonly used solvents halseen shown iffable2.



Table 2. Flammability related properties of commonly used solvents

Flammaubility limits ~ Autoignition

Flash point
Solvent ) Lower Upper temperature
(vol %) (vol %) (K)
Formaldehyde 220 7 73 697.15
Ethyl ether 228.15 1.9 48 433.15
Acetaldehyde 235 4 60 403.15
Carbon disulphide 243.15 1.3 50 363.15
Hexane 2515 11 1.7 498
Acetone 255 2.6 12.8 738.15
Benzene 262 14 7.1 835
Methyl ethyl ketone 267 1.8 10 789
Ethyl acetate 269 2.2 11.4 700
Toluene 278 1.2 7.1 809
Methanol 284 7.3 36 737
1,4-dioxane 285 2 22 453.15
1,2 dichloroethane 286 6.2 16 686
Ethanol 286 4.3 19 696
Xylene 298.15 11 7 802
N,n-dimethylformamide 331 2.2 15.2 718.15
Ethylene glycol 384 3.2 21.6 673.15

Thus, hazards and risk associated with solvent processes need to be assessed and
mitigated at early stages of process design. Chemical industries reduce risk by placing
emphasis on proper storage and handling procedures, operator training, proper
ventilation systems, and minimization of ignition sourd@sesently, thgeneralareas of

effort for diminishing solvent hazards are: hazard evaluation and monitoring, following



exposure related standards, application of control measures, engineering controls,
administrative controls, personal protective equipment, storage, signs, labeling,
education and training Despiteabundant precautiorsnd safety systemis chemical
plants,many incidents rd accidents have taken place in recent years. The incidents at
CAl/Arnel facility in Massachusetts (November 2086and the Barton Solvents
facilities in Kansas and lowa (July 2007 & October 2¢(f07)involving fire and
explosions, werentensifiedbecause of hazardous solvents being used at the facilities

The CAl, Inc. and Arnel Company, Inc. incident on November 22, 2006 involved
a confined vapor cloud explosidollowed by fire that burned for 17 hours. The incident
resulted in 10 injuries, destruction of 24 houses and $nbssesand evacuation of
more thar800 residents. Such large scale of damage can be mainly attributed to the type
and amount of fuel (i.e. solvents) being stored or utilized at the fadilitg. solvent
mixture being used at the facility consisted of heptane, isopropyl alcahdlnormal
propyl alcohol, and around 2000 gallons of the mixture participated in the explosion
One of the recommendations made by the U.S. Chemical Safety Board was inadequacy
in ensuring a safe design for the flammable liquids processes.

Similarly, incidents at two facilities of Barton Solvents were investigated by the
U.S. Chemical Safety Boar@he incident at the Kansas facility experienced a fire and
explosion incident on July 17, 2007. The consequences were 12 injuries, evacuation of
6000 residents, and complete destruction of the tank farm. The tanks stored the solvent,
Varni sh Makersd and Painters (VM&P) naphth

Although the main recommendation was about gaining better understanding of static



electicity ignition hazards, but using an alternative less hazardous solvent could have
also lessened the consequences. Another incident occurred at the Barton Solvents facility
in lowa on October 29, 200The fire and series of explosions resulted in 2 iagiand
evacuation of nearby businessgkis incident involved another commonly used solvent,
ethyl acetateywhich was being filled into a 36@allon portable steel tank. Issues related

to ethyl acetate application in solvent processes have been discusedase study in
Section6.

Apart from fire and explosion incidentshere have also been innumerable
reports of workers being exposed to solvent vaporstaxitc and adverse health effects.
Such incidents result in loss of property aatdtimes they result in loss of human lives
as well. Thus, it is imperative to consideretgfin solvent processes not only during the

operating phase but also durithgg ®nceptual phase of process design.

1.2 Inherently safer design

Integrating safety in solvent processesing the design stagan beachieved by
exploring Inherently Safer Design (ISD) concebisherently safer design (ISD) of
chemical processes strives to achieve a higher level of safety by placing emphasis on
eliminating or avoiding the hazards from the manufacturing process rather than relying
on controlling the hazardsThe inherent safety of a process essentially lies in the
fundamental characteristics of the materialserations and conditions of the process.

These are the characteristics which can be considered as inseparable from or inherent to



the proces8 ISD remains a fairly undeveloped area of study compared to its counterpart
in process safety: Quantitative Risk Assessment (QRA). QRA prowadédstailed
framework for estimating risk in terms of the frequency of occurrence of the hazardous
event and severity of consequence associated with it. Having assumed the existence of a
core process design, the QRA framework guides engineers in a serecess to
identify failure scenarios, estimate the consequences and likelihood, and thereby
estimate the risk. The next step in the framework determines the tolerability of the
estimated risk based on regulatory or company based risk criteria. Iofdagaerable

risk, it is required to apply proper risk reduction measures via several design
alternatives Doing so can be a concern when the design of the processeissively
developed and agreed upon by an engineering team; and implementing changes to the
design can become cumbersome. Changing the design to enhance safety in terms of
general industry practices, internal company standards, and external
codes/standds/regulations would require further evaluations for technical feasibility,
cost benefit analysis, and evaluation of additional new hazards. Such an iterative
approach for evaluation of riskigure 1) can become tedious and often overlooked or
compromised. Thus, there is a need to incorporate safety during the design phase of the
process by providing guidance for tolerable risk and safety parameters. This can be

achieved by following the concepts of inherently safer design.
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Figure 1. Comparing QRA and ISD for safer design approaches

There are four main concepts of inherently safer design:
1. Intensification/minimization

The amount of hazardous material involved in the proskesld be minimized
as much as possibl&he amount of hazardous mategahsisting of raw materials, or
intermediatescould be reduced within unit opeiats, hazardouproduct storage, and
pipelines. This is an extensive study of research because not only does intensification of
processes benefit from safety perspective, but also from an economic perspective.
Smaller sized equipments are being designed such that they are lower cost and easier
control options.Some motivating factors and areas of research in the field of process
intensification have been reviewed by Stankiewicz &% al
2. Attenuation/moderation

Occasionally,changng process conditiongsuch as operating conditions or

material phase) are able to den the shstance/proceskess hazardoud-or example,



when a hazardous material is diluted, then the partial pressure will be lower and the
concentration of the material above the spill will be lowered.
3. Substitution

Inherent safety can be improved by considering replacing a hemardous
material or a more hazardous chemical synthesis routha less hazardousptions.
6Green chemistryé technol ogies fall under
the use of toxic and flammable materi@@®@me examples of substitutiane water base
latex paints that can replace organic solvent base paints, and aqueous systems replacing
toxic chlorinated solvents.
4. Simplification

This concept refersto reduce unnecessary complexiily the plant and
opportunities for human errofhe mos beneficial application of this concept would be
to eliminate hazards by prohibiting hazardous operations to be conducted. An example is
to remove unnecessary piece of piping which may become plugged, the valves may be
shut or the gaskets may be degradeda recent CSB investigation, a massive fire was
caused by a freeze related failure of some piping which had not been in seralbeubr
15 years' Removal of the pipe (or simplification of the process) could haded
such a disaster.

Within the broad scope of process safetyrategies for risk management fall
under four categories: inherent (eliminate or significantly reduce the hazard), passive
(reduce the consequence or probability of an incident through devices not requiring

activation or deection mechanisms), active (reduce the risk by means of devices that



detect and activate operations that interrupt the incident sequence of ewaedts),
procedural (reduce the risk by implementing procedures or hpnuaess interactiorf)

If implemented properly, inherently safer design can achieve higher risk reduction
benefitsand prove to be more reliable and robustmpared to acte, passive and
procedural safety systerfisMore recently, ISD has also been considered as an inspiring
philosophy which could be the basis of new trends irtamability."* Thus, it is

important to review andnprove the techniques for implementing inherent safety.

1.3 Literature review

1.3.1 Hazard indices

In spite of havingnanyadvantages, previous work inetareaof inherent safety
implementatiorhas been limited. Research has primarily focused on the development of
inherently safer design indic&sintegration of indices in process design and life cycle
approacH™ *® Previous research in the area of inherent safety has been towards
developing some sort of measure of inherent saftcethere areno rules or methods
to make a process inherently sater date, mny approaches could be followed.
Previously, he main criteria for choosing between alternatives have been technical
feasibility and economic viability, but recently safety and environmeataternshave
becomea substantial part of the decision making because of regulatory requirements. To
aid such decision making, many inherently safer indices have been deyelopleds

the ones shown imable3.
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Table 3. List of previously developed inherent safety indiceé$

Prototype index of inherent safety (Edwal Integated inherent safety index (Khe
and Lawrence) and Amyotte)

Dow Fire & Explosion index and Mond inde> Gentile et al. index

Heikkila and Hurme index INSET toolkit

Palaniappan, et al. index Gupta and Edwards index

Main parameters that are used in the indices are inventory, temperature, pressure,
conversion, yield, toxicity, flammability, explosiveness, corrosiveness, side reactions,
waste and c@roducts, reaction rate, heat of reaction, phase change etc. Sonee futur
work identified in the area has been to reduce the amount of information and data being
used in the evaluation, and application to several practical examples.

Another avenue of inherent safety researcto isomprehend the application of
the ISD concept at all phases in the lifecycle, such as process conception, thorough
laboratory development, pilot plant, preliminary and detailed design, raotish,
operation and abandonmenAt the stage of conceptual process research and
development the followingeed to be assessed: selection of basic process technology,
raw materials, intermediate products;grpducts and chemical synthesis routes. At the
process research and development stage the following need to be considered: selection
of specific unit opertgons, types of reactors and other processing equipment, selection of
operating conditions, recycle, and product purification. Similarly, other life cycle stages
also have specific areas of evaluafforThe main limitations associated with

implementing the inherent safety techniques is that the desmgrmerally views
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achieving pr ocoensé ssaaffeettyy fbeyatduardeds, and t hat

of the thinking of all engineers and chemists.

1.3.2 Limitations of previous work

Inherently safer design indices provide a simple approach to compare hazards
posed by available alternatives, and aid in decision making. Nevertheless, the
disadvantages associated with such index values are also widely accepted. Index
calculations are generally used for comparison purposes only to choose a safer option
among alternative pcess methods, and often require calibration against actual risk
values™ Calculation of an index may also occasionally require extensive design data
that may defeat the purpose of integrating satdtyhe design stage where limited
information existd” In addition, an index is an aggregate of many factors and different
types of hazards, and does not provide enough information about individual effects of
the design parameters on inherent safety of the prdt@sere is also lack of studies
showing economic benefits of ISD, and lack of a tried and tested yet simple
methodology for ISD implementatidi Methods to systematically integrate safetyint
process design have been approached by a few researchers by using optivésatibn
technique$®?® and by developinintegrated risk estimation todt&Method developed
to integrate Dow fire and explosion index (F&EI) into procesgtimizatiorf® is
beneficial, but requires the user to develop separate functions f&t B&sed on

material inventory and operating pseire for each separate design using a sensitivity
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analysis feature on an F&EI program. This is cumbersome because it would be repeated
for all equipments and materials in the process. Also, it does noagiembined effect

of the different process parameters on the safety, since it considers pressure and material
inventory separately in the equations developed. Another work involves the development
of an integrated risk estimation tool (iRE*f iRET comprised of the use of HYSYS for

the process design simulation, and Microsoft Excel for developing the risk model. This
configuration enabled the use of HYSYS features such as thermodynamic properties and
readily available design templat€n the one handhe integrated risk estimation tool is

able to provide a means of including consequence estimation during concesigal d
stage, but does not provide enough information about achieving inherently safer design
of the process based on parameter modification. Thus, there is a need to incorporate
safety considerations within the design procedure, and apply methods thiae psov
guantitative estimate of the hazard. Moreover, the inherently safer design concept of
Osubstitutiond S not addressed by previc

techniques in the area of O6ésubstitutiond ne

1.4 Dissertaton outline

Having describedwithin this sectioncertain fundamental ideas behind this
research, Section 2 explains the objectives of the research and a brief methodology.
Methodology consists of two parts, molecular design and process design. Thereafter,
Section 3 describes how an alternative technique can be applied to molecular design to

improve its accuracy in some contexthaugh certain limitations associated with the
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newer approach have also been outlirfgettion4 describes the traditional appobafor
molecular design and its application to select inherently safer options. Also, database
selection approach versus molecular design approach is compared. The next part of the
research regarding integration of safety in process design is shown ionSBct
Sensitivity analysis of design parameters and their effect on process asfesll as
avenues for optimizing results from process designdescribed in Section 5. Finally,
techniques for molecular design and process design are implementeadsm study for

acetic aciewater mixture extraction using solvent in Sect®m brief summary of the

conclusions and recomme&ations for future work can beundin Section?.
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2. PROBLEM STATEMENT

2.1 Objectives of research

Inherent safety can be incorporatedhazardousprocesseselated to solvent
operatios by considering biln molecular and process design as showifrigure 2.
Overall, the objective of simultaneously integrating inherent safety concepts into the
design stage has been egarhed in thisvork, by means of novel application of existing

techniques.

| Conceptual design & Safety

Integrate safety in Integrate safety in
Molecular Design Process Design
p— 1
i o2 b e S e—————— e
Substitution Minimization Moderation

Underlying Inherently Safer Design Concepts

Figure 2. Conceptual design and inherent safety: 2 major approaches

Integrating safety in molecular design enables one to select inherently safer
solvents based on their hazardous properties. Whereas, integrating safety in process
design enables one to select inherently safer process parameters and conditions such that
they satisfy requirements for both process efficiency and process ssffetiyodsthat

can be usetb select safer chemicaise. solvents, antb choose safer design parameters
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along with guidelines and design constraints are described in Se8tiegh and 5.
Application of this work, not only to solvent selection but also to other material and
parameter selection will be extremely beneficial in early conceptual design for greater

impact of inheent safety.

2.2 Methodology of research andtegration of methods

Molecular design and process design can be achieved by using various tools and
methods availableThe application otheseprinciples and techniquess well as safety
considerationgequiresa sequential approach in order to integthivarious toolsas
described in Sectior 4, and5, and thisstep wise approadhmes beenshown inFigure
3. Firstly, in order to develop a databaserdfdarently safer solvents, the ICAS software
will be employed. Thereafter, suitable solvents will be carried forward to the process
simulation step within which thieazardous scenarimodeling guidelines of EPA will be

incorporated by making use of existifggatures in the process simulator software.
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A Specify required target

Database of inherently properties from the solvent

safer solvents

A Use CAMD tool in ICA3.0

to select inherently safer
i solvents

Process simulation with
integrated consequence
modeling

N —— [ Alnput models for
consequence estimation

AUse commercial simulation
software to model process

Inherently Safer Solvents &
Process Design

Figure 3. Sequential approach to Inherently Safer Design

In this work asequentialapproach for solving the two problems has been
applied, and further work needs to be done for obtaining a simultaneous solution for
inherently safer design. It is to be noted that suskquentiabpproach may lead to a
suboptimal design as stated by\poeis researchers who have worked towards obtaining
a simultaneous solution for molecular design and process désfgBut the methods
for obtaining a simultaneous soluti@ne also limited in the number of properttest
can be considered at a tirftg selecting solvent substitutes

Apart from the methodology shown kigure 3, certain considerations needed to
be evaluated ahe molecular desigstage for developing better understanding of the
methods available. These major considerations have been shdwguie 4 and have
been addressed in this researth the area of molecular design, property prediction

models needed further evaluationorderto obtain betteaccuracy(Section3), as well
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as conventional database approach and molecular destfmodologyneeded to be
comparedSection4). Upon obtaining insight on issues related to molecular design, an

appropriate methodas selected

* Topological indices
Group Contribution Method <: + Regression / Neural :|

versus QSPR network
* Materials Studio 4.3

Molecular
Design

versus Database Selection * Gaps in database filled
with GCM

* Generation of new
Group Contribution Method <: molecules :|

Figure 4. Major considerations for the molecular design stage

Overall, he proposed research will lead to the following principal outcomes:

1. Assessingthe applicability of QSPRproperty prediction techniques molecular
design

2. Using traditional molecular design method within ICAS to select inherently safer
solvents

3. Developing process safety constraints based on credible release scdoarios
flammable and toxic hazards

4. Assessing the influence of process parameters and conditions on safety measures and
determining optimal design variables for a solvent process basastnuitaneous

safety considerains
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3. MOLECULAR DESIGN: CA MD AND QSPR APPLICAT ION"

3.1 Introductionto Computer Aided Molecular Design (CAMD)

Molecular designs a methodology used find a chemical or product that shows
certain desirable behaviar that matches a desired set of target properthdsen
appropriate property models are not available, an empirical trial and error approach
based on experimentation can be applied for molecular design. But in the case of
available efficient property mads, computer aided methodologies can be readily
applied. As with most techniques used at the screening stage of material selection,
results of molecular design may or may not work as replacements for specific
applications, and experimental verificationsisongly favored before implementation.
Within Computer Aided Molecular Design (CAMDOhe structures of molecules are
represented using appropriate descriptors along with an algorithm that identifies the
descriptors.Moreover the property evaluation odek are alsofunctions of the same
descriptorsA general CAMD problem can be formulated as a mixed integedinear
program (MINLP) which consists of property constraints and mdefs typical
CAMD problem takes the form of an MINLP formulation as shown belowguation

set(d).

"Part of this section i SPR&lpsh PaintReedictioniot h per
Solvents Using Topological Indices for Application in Computer Aided Molecular

Desigp by S. Pat el , D. Industrial aidEngBieeringl@hemistryy , 2 00 9
Research48 (15), pp 73787387. Copyright 209 by American Chemical Society
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min  F(x(y X)
st. 7w <AyR <7
1)
gy <0
ity =0

w h e r ethe vector®f properties of the compound (also expressed as property
evaluationmodels), y is the vector of integer variables that determine the molecular
structureor binary variables for unit operation identity, descriptor identgmpound
identity, x is the vectoof continuous variablesf relevant processonditiors (such as
flowrates, mixture compositions, condition of operation, design variablés) n ¢ aré
upper and lower bounds on the property values, F is the performance criterion to be
optimized, and g and h are vectors of constraints associated with structural feasibility
requirements as well as othaégsign specification€CAMD approaches have been used
successfully to develop novel materials given their specified target properties for
materials such as refrigerajifssolvents and extractarftScatalysts’® polymers® and so
on.

Property evaluation models play an important role in CAMD problems. The
prediction ability of the models for pure/mixture propertiesagns the success of the
CAMD methodology.There are many types of property estimation methods available as

shown inFigure5.2®
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Classification of estimation methods

! }
Reference Approximate
|
! '
Mechanical models Semiempirical models Empirical models

Chemometrics
Pattern matching
Factor analysis
QSAR

Quantum mechanics| | Corresponding states theory
Molecular mechanicg Topology/geometry
Molecular simulation| | Group/atom/bondadditivity

Figure 5. Classification of property estimation method$®

Not all property estimation ethods are applicable to CAMD. Omarticular
property prediction method expresses the property in terms of functions of the number of
occurrences of predefined fragments/groups in the molecule. This class of property
prediction method is known as Group Contribution Approach (G&W)carbe applied
to CAMD. GCA based techniquese generally additive functions expresseéqgtion
(2) shown below.

F() =w,sNC +w,sMD +W,SQE +.. @
where C, is the contribution of atom, bond or fistder group i;N, is the

number of occurrences of atom, bond or fosder group i;DJ. is the contribution of

atom, bond or seconarder group j;Mj Is the number of occurrences of atom, bond or

seconeorder group j, and son for O, and E, . Adding more number of higher order
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terms to the equation denotes in principle, that the equation could possibly be highly
accurate with large application range. But from a practical pdintesv, higher order

terms are not feasible, and the most that is utilized currently is third order terms. Second
and third order additive methods are able to distinguish between some isAtribies.

same time, group contribution based methods have somitlons associated with

them such as accuracy and ability to handle complex molecular structures. Thus, other
lucrative property prediction methodésuch as Quantitative Structure Property
Relationship, which is an emerging technignegd to be investajed for application in

CAMD as described in the next section.

3.2 Quantitative Structure Property Relationsl{(pSPR)

Quantitative Structure Property Relationship (QSPR) method is used to relate
properties of substances/chemicals with entities obtained thienmolecular structure.
The relationships are generally linear correlations that use molecular descriptors as the
inputs to the model. Molecular descriptors are the result of mathematical procedures that
transform chemical information encoded within ambyplic representation of the
molecule. There are various types of descriptors such as constitutional, geometrical,
topological, electrostatic, quantum chemical and many otiermngst the different
types of predictive models described befotiee group cotribution approach for
property estimations employed by nost studies in CAMB® 3+3* while few studies

have explored the applicability of QSRR/antitative structureactivity relationship
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(QSAR) in CAMD.**” Computer Aided Molecular Design using QSPR/QSAR consists
of two parts 1. Forward problem: A method to predict properties given the molecular
structure, 2. Inverse problem: pplying the forward problem solution to obtain
molecular structures that satisfy given target properties. Among the models described
above, Quantitative Structure Property Relationship (QSP&ains the choice of
method for its predictive and new moleauldesign purposes. A schematic of the

approach for applying QSPR in CAMD has been depictédguare6.

| Forward problem >

QSPR/QSAR Statistical mode|

software buildin
Molecular :> Topological IZQAV plz:;cé?ciirgl
structure <:| indices <:| equation

Graph _ Target
reconstruction properties
methods

< Inverse problem |

Figure 6. Schematic for QSPRapplication in CAMD

Topological indices prove to be more suitable for CAMD since they are
calculated using information obtained from atomic constitution and bond characteristics
of a moleculeMolecular descriptar based on topological information prdeia higher
level of molecular representation compared to functional groupsolecular fragment

counts They are able to differentiate molecules according to their size, degree of
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branching, flexibility, and overall shape calculating topological indes,graph theory
is used to evaluate information about the constituent atoms and the connecting bonds
between thenby means of adjacency, distance matrices or atfiars makes it easier to
visualize the molecular structure and simultaneously evaluatepegsties for the
molecule The possibility of solving the inverse probleor tertain topological indices
has been explored usirgraph reconstruction methods to obt#ie exact molecular
structure based on the index vald®s® In recent years, more work has been done to
resolve the inverse problem for QSPR, but few researchers have approached solving the
forward problem using topological indiceBopological indices encode information on
molecular connectivity which, in principle, would yield more accurate correlations than
simpler group contribution methodSome properties other than flash point have been
modeled using topological indices (such as boiling point, molar volume, heat of
vapoization for alkane®" *) but only for distinct groups of chemicallhile previous
attempts did not address éetatoms and multiple bonds, the necessity of extending this
approach to make it more inclusive of different types of chemicals and variation in
properties has been advocated in their work.

In relation with inherent safety principles, QSPR and CAMD leansed to aid
the conceptofsu b st i t adredarzdrdows ftcompound with a ldsazardous one.
To incorporate inherently safer substitution into chemical processes, consideration for
hazardous propertig€such as flash point, flammability limjtand toxicity needs to be

embedded into the solvesglection processAmong the properties that describe a

material 6s f |l ammabi | isttoggr indichtiansoh flanpmability.t provi



24

Flash point is the minimum temperature at which the liquids@id) emits sufficient
vapor to form an ignitable mixture with air. NFPA ratings for flammability, as described
in NFPA 704* are also based orhé flash point values for chemicalShus, the
emphasi®f this workis on predicting flash poiafor solventsusing QSPR technique
Models for prediction of flash point have been developed in the Baging
points of organic compounds have been cateel to flash point using quadratic
relationships by Hshieh et.Af and an exponential relationship by Satyanarayana and
Raa™ Molecular structure information was also used by some researchers to predict
flash point. Prugf? incorporated stoichiometric coentration and boiling point for flash
point prediction. Suzuki et A used a combination of structural factors such as
molecular connectivity index and group contributions to predictfilagh point. A
particular grougcontributionbased model has also been developed by Stefanis'et al
Quantitative Structure Property Relationship(QSPR)has been applied for flash point

prediction by Katritzky et &f® #°

using molecular descriptomshich were of the types
geometrical, electrostatic, quantum mechanical, and constitutional desctipTdrs
QSPRmethodrelieson predicting properties based on computable molecular descriptors
whichin turnare evaluated from information derived from the molecular structure. It has
been used astachniquefor prediction of properties such as crititemperature, boiling
point, refractive index, octanaater partition coefficientand many others, with higher
level of accuracy™™*

In this work, the forward problemhas beenexamined using topological

descriptors (indicesfo predict the flash point of solventisat arediverse interms of
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chemical constitution bond saturation/unsaturation and cyclic/stradin/branch
characteristicsApplication of such predictive models CAMD will aid in selecting

solvents that are inherently safer.

3.3 Input data development

3.3.1 Experimental flash point

The experimental flash point data for 236 solventrencollected from the
Acros and Aldrich catalogs, and the Industrial Solvents handboBKkMajor classes of
solvents were used to form the dataset, such as monohydric alcohols, polyhydric
alcohols, amines, etherandaliphatic and aromatic hydradbons.These solvents were
selected in this study because of their frequent usage in the petrochemical industries,
where safety concerns are escalated due to solvent processes. The distribution of the
molecular weights and flash points for the entire datéhas been shown kiigure7 and
Figure 8, respectively.The solvents usedor this study show wide variability in
composition and experimental flash point values (range of flashspeiBtl3.15 k
157.15 K= 356 K, standard deviation $4.81K). The complete data set shown in

Table4 along with the experimental and calculated flash point values.
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Figure 8. Distribution of flash point values in dataset (n=236)
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Table 4. Solvent dataset with experimental and predicted (MLR and ANN) flash point

Ts
##  IUPAC CAS Name (ex;;. < (predeted K)
MLR  ANN

Class-Monohydric alcohols
1 Methanol 283.706 286.053 285.091
2 Ethanol 286.483 295.302 281.885
3 propanl-ol 298.15 304.55 274.462
4  butan2-ol 295.372 308.776 301.044
5 2-methylproparl-ol 303.15 308.776 291.057
6 2-methylpropar2-ol 284.261 271.635 258.303
7 pentanz-ol 313.706 318.024 308.542
8 2-methylbutar2-ol 204261 296.24 288.576
9 hexanl-ol 347.039 332.294 321.632
10 2-ethylbutanl-ol 331.483 334.407 325.531
11 octanz-ol 358.15 345.769 347.779
12 nonanl-ol 353.15 360.038 357.757
13 decanl-ol 377.594 369.287 371.028
14 phenylmethanol 373.706 362.152 354.812
15 4-hydroxy-4-methylpentar2-one 3295372 309.714 348.755
16 2-furylmethanol 356.483 352.904 350.476
17 2-methylpropanoic acid (Bydroxy-2,2,4

trimethylpentyl) ester 393.15 396.931 378.539
18 1-chloropropar2-ol 324.15 308.776 307.247
19 1,4-dibromobutar2-ol 386.15 331.452 385.71
20 heptan2-ol 332.15 336.521 333.879
21 heptanl-ol 346.15 341.542 332.95
22 hexan2-ol 314.15 327.272 321.81
23 1-methoxypropas2-ol 306.15 318.024 333.533
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Ts
# IUPAC CAS Name T (predcted K)
(exptl. K)
MLR  ANN

24 octanl-ol 354.15 350.79 346.454
- (2R)2,4-dihydroxy-N-(3-hydroxypropyl}3,3

dimethylbutanamide 386.15 392.489 472.342
26 pentan3-ol 313.15 322.204 305.993
27 octl-en3-ol 341.15 349.948 367.998
28 2,2,2trifluoroethanol 302.15 296.24 306.357
29 2,3 4trimethylpentarl-ol 333.15 351.918 330.423
30 4-methylpentarR-ol 314.15 322.251 316.174
31 2-methylbutar2-ol 203.15 296.24 288.576
32 3,3-dimethylbutanl-ol 302.15 305.488 311.749
33 2-ethylbutanl-ol 330.15 334.407 325.531
34 2-ethylhexanl-ol 350.15 352.904 347.905
35 2,2,4trimethylpentanl-ol 333.15 331.32 325.312
36 3-methylheptars-ol 327.15 336.342 307.242
37 tetradecasi-ol 418.15 406.279 416.163
38 5-methylheptars-ol 327.15 349.106 332.281
39 8-methylnonanl-ol 377.15 364.265 369.771
40 tridecanl-ol 389.15 397.031 404.323
41 propan2-ol * 284.817 293.617 278.532
42 butanl-ol * 309.817 313.798 297.732
43 pentanl-ol * 330.372 323.046 308.322
44 3-methylbutarl-ol * 324.817 318.024 317.046
45 Cyclohexanol * 340.928 349.948 311.449
46 octanl-ol * 363.706 350.79 346.454
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Ts
# IUPAC CAS Name T (predcted K)
(exptl. K)
MLR  ANN
47 prop2-enl-ol * 295.372 304.55 326.194
48 2-tetrahydrofuranylmethanol * 347.039 352.904 352.845
49 (1R)}-1-(2-furyl)ethanol * 383.15 361.058 378.618
50 5-methylheptarl-ol * - 349.948 408.592
Class Polyhydric alcohols

51 ethylene glycol 392.594 389.86 375.36
52 2-(2-hydroxyethoxy)ethanol 411.483 411.722 407.13
53 2-°’ethanol 435.928 423.681 445.617
54 2-[2-[2-(2-hydroxyethoxy)ethoxy]ethoxy]ethanc 477594 438.116 478.926
55 propanel,2-diol 377.594 380.062 373.765
56 3-(3-hydroxypropoxy)propai-ol 397.039 420.52 422.148
57 2-[2-(2-hydroxypropoxy)propoxjpropanl-ol 416.483 4099 412.671
58 Glycerol 433.15 401.138 424.783
59 butanel,3-diol 382.039 380.919 392.755
60 butanel,4-diol 394.261 404.435 394.196
61 pentanel,5-diol 402.594 411.722 406.614
62 propanel,l-diol 372.15 380.062 369.324
63 propanel,3-diol 352.15 402.925 382.459
64 butanel,2-diol 366.15 401.138 385.339
65 butane2,3-diol 358.15 388.364 366.991
66 (E)-but2-enel,4-diol 401.15 404.435 383.484
67 but2-yne-1,4-diol 42515 404.435 377.609
68 hexanel,6-diol 420.15 414.388 417.903
69 hexane2,5diol 374.15 374.379 395.676
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Ty
# IUPAC CAS Name T (predcted K)
(expl. K)
MLR ANN
70 2,2-diethylpropanel,3-diol 380.15 41921 383.197
71 2,5dimethylhex3-yne-2,5-diol 347.05 344.495 342.359
29 benzoic acid [4(oxo-
phenylmethoxy)methyljcyclohexylmethyl este 43/ 15 471 191 445.312
73 [4-(hydroxymethyl)phenyllmethanol 46095 417.78 455.097
74 2-butyl-2-ethylpropanel,3-diol 386.15 430521 398.383
75 3,6-dimethyloct4-yne-3,6-diol 382.15 395.317 383.748
76 2-ethyl2-(hydroxymethyl)propand,3-diol 44515 41921 430
77 2,2-bis(hydroxymethyl)propan&,3-diol 513.15 419.21 437.612
78 (2R,3R,4R,5Shexanel,2,3,4,5,6hexol 42205 428.185 420.714
79 2-(hydroxymethyl)2-methylpropanel,3-diol 433.15 406.717 444.377
80 2,2-dimethylpropanel,3-diol * 424.817 392.84 408.592
81 2-methylpentane,4-diol * 374.817 355.86 339.105
82 (2Sybutanel,2,4triol * 385.15 406.488 427.459
83 2,3dimethylbutane2,3-diol * 350.15 388.935 328.351
84 2-ethylhexanet,3-diol * 409.15 428.496 400.474
85 2-(2-hydroxyethylthio)ethanol * 433.15 411.722 424.956
86 hexanel,2,6triol * 47115 414.417 463.775
Class Hydrocarbons
87 Pentane 224.15 240.353 244.722
88 Hexane 250.15 255.318 258.673
89 Heptanes 272.15 270.283 275.413
90 Octane 289.15 285.248 289.989
91 Nonane 304.15 300.212 306.757
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Ts
# IUPAC CAS Name T (predcted K)
(exptl. K)
MLR  ANN

92 Decane 319.15 315.177 321.133
93 Dodecane 344.15 345.107 351.052
94 Cyclohexane 255.15 257.885 257.711
95 Cyclohexene 243.15 257.885 247.574
96 Benzene 262.15 257.885 228.335
97 Methylbenzene 280.15 269.673 284.393
98 1,2dimethylbenzene 305.15 281.965 334.563
99 1,4dimethylbenzene 300.15 281.461 328.904
100 1,3,5trimethylbenzene 317.15 293.249 355.192
101 Isopropylbenzene 319.15 296.93 349.884
102 Tridecane 352.15 360.072 366.468
103 Tetradecane 372.15 375.037 378.976
104 Hexadecane 408.15 404.967 404.401
105 Heptadecane 421.15 419.932 417.163
106 Nonadecane 441.15 449.862 438.092
107 Isopentane 222.15 236.038 235.877
108 Isohexane 250.15 251.003 248.665
109 3-methylpentane 241.15 252.141 247.182
110 2,3-dimethylbutane 24415 247.192 241.401
111 butal,3-diene; vinylbenzene 197.05 285.775 313.615
112 but-2-ene 199.85 225.388 213.151
113 (2)-but-2-ene 200.15 225.388 213.151
114 butl-ene 193.15 225.388 230.56
115 2-methylpropl-ene 157.15 219.936 257.358
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Ts
# IUPAC CAS Name T (predcted K)
(exptl. K)
MLR  ANN
116 (Z)-pent2-ene 255.15 240.353 211.277
117 pentl-ene 222.15 240.353 239.464
118 decl-ene 320.15 315.177 307.973
119 heptl-ene 264.15 270.283 267.451
120 Cyclooctane 301.15 287.815 292.725
121 cyclopental,3-diene 273.15 242.92 229.461
122 Cyclopentane 236.15 242.92 242.668
123 Cyclopentene 243.15 242.92 235.476
124 2-methylheptane 277.15 280.933 277.254
125 4-vinylcyclohexene 294.15 285.775 302.944
126 4-methylpentl-yne 269.15 251.003 267.136
127 Ethylbenzene * 295.15 285.775 300.509
128 Undecane * 335.15 330.142 337.442
129 Pentadecane * 405.15 390.002 393.184
130 Octadecane * 439.15 434.897 426.962
131 Tricosane * 386.15 509.721 470.086
132 2,2-dimethylbutane * 225.15 244.736 223.052
133 2-methylhexane * 270.15 265.968 263.382
134 but2-yne * 260.15 225.388 206.812
135 2,4,4trimethylpentl-ene * 267.15 270.351 262.589
136 2,3,4trimethylpeni2-ene * 27515 274449 284.713
Classi Ether

137 Methoxymethane 232.039 228.675 262.678
138 Ethoxyethane 233.15 258.72 237.91



Table 4. Continued

33

Ts
# IUPAC CAS Name T (predcted K)
(exptl. K)
MLR _ ANN

139 2-methoxy2-methylpropane 238706 263.12 254.253
140 2-isopropoxypropane 245372 280.103 268.041
141 1-butoxybutane 304.261 318.811 291.177
142 1-pentoxypentane 330.372 348.856 327.25
143 1-ethenoxybutane 263.706 288.765 274.498
144 2-methyloxirane 235.028 243.085 242.002
145 2-ethyloxirane 260.928 259.25 258.008
146 1,4dioxane 291.483 276.32 298.632
147 (2,2-dimethyt1,3-dioxolan4-yl)methanol 267.039 310541 320.874
148 2-methylfuran 24315 273.131 280.25
149 Tetrahydrofuran 247.504 261.298 266.445
150 Tetrahydropyran 25315 276.32 280.536
151 Methoxybenzene 324.817 304.318 321.482
152 1,2-bis(2-methoxyethoxy)ethane 386.15 363.879 364.855
153 2-(phenoxymethyl)oxirane 388.15 349916 379468
154 2-methoxy2-methylbutane 26215 279.965 278.489
155 2-(2-hydroxyethoxy)ethanol 416.15 288.765 407.13
156 Ethoxyethylene 208.15 25872 259.356
157 Allyloxybenzene 335.15 334.363 336.911
158 2-methoxy2-methylpropane 24515 263.12 254.253
159 phenylmethoxymethylbenzene 408.15 410.007 422252
160 1-chloro-2-(2-chloroethoxy)ethane 39815 288.765 328.89
161 1-chloro-2-methoxyethane 288.15 25872 278.95
162 1-[2-(2-butoxyethoxy)ethoxy]butane 37415 408.947 373.549



Table 4. Continued

34

Ts
# IUPAC CAS Name T (predcted K)
(exptl. K)
MLR  ANN

163 3-allyloxyprop-1-ene 266.15 288.765 295.111
164 1-chloro-4-(phenoxy)benzene 386.15 391.794 415.391
165 1-isopentyloxy3-methylbutane 31915 340193 318.73
166 2-(allyloxymethyl)oxirane 32115 304.318 298.392
167 chloro-(chloromethoxy)methane 20215 25872 300.365
168 2-(butoxymethyl)oxirane 31415 319.341 330.12
169 1-chloro-1-(1-chloroethoxy)ethane 32815 280.103 305.909
170 I-butoxybutane 208.15 318.811 291.177
171 1,2dimethoxybenzene 34515 332.822 363.198
172 1,2dimethoxyethane 27115 273.743 292.028
173 (3S,3aR,6R,6aR3,6-dimethoxy2,3,3a,5,6,6a

hexahydrofuro[3,]furan 376.15 362.361 355.042
174 Phenoxybenzene 388.15 379.961 391.754
175 1,3 5trioxane 318.15 276.32 314.384
176 Ethoxyethylene 22715 25872 259.356
177 1-hexoxyhexane * 349.817 378.901 363.131
178 Ethoxyethylene * 227504 258.72 259.356
179 1-ethenoxy2-methylpropane * 263.706 284.434 285.693
180 Furan * 237.504 261.297 238.432
181 Phenoxybenzene * 388.15 379.961 391.754
182 4-(4-aminophenoxy)aniline * 49115 403.628 464.648
183 chloromethoxymethane * 28915 243.697 268.983
184 4,7, trimethyl8-oxabicyclo[2.2.2]octane * 39215 336.993 322.116
185 1-pentoxypentane * 330.15 348.856 327.25
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# IUPAC CAS Name T (predcted K)
(exgl. K)
MLR  ANN
186 1-ethenoxypropane * 247.15 273.743 253.605
Class Amines

187 Acetamide 315.15 278.371 310.272
188 1-(2-pyridyl)ethanone 349.15 370.67 389.519
189 2-(bis(2hydroxyethyl)amino)ethanol 45215 390.196 436.342
190 prop-2-en-1-amine 245.15 290.279 300.604
191 6-methyl2-pyridinamine 376.15 346.839 351.516
192 2-(2-aminoethoxy)ethanol 40015 346.534 385.27
193 2-pyridinamine 236.15 341.367 318.273
194 Aniline 343.15 336.39 310.158
195 Phenylmethanamine 34515 354.535 337.317
196 3-bromopyridine 324.15 314.827 298.997
197 butan2-amine 254.15 280.705 283.293
198 2-methylpropar2-amine 235.15 235.866 257.271
199 3-chloroaniline 391.15 337.668 352.07
200 2-chloroaniline 371.15 340.514 365.247
201 2-chloropyridine 337.15 332.276 306.731
202 2,4,6trimethylpyridine 330.15 343.568 358.223
203 2-pyridinecarbonitrile 362.15 366.108 341.904
204 3-pyridinecarbonitrile 357.15 365.256 344.993
205 4-pyridinecarbonitrile 361.15 365441 347.087
206 1-cyclohexyt2-pyrrolidinone 418.15 379.197 404.158
207 Cyclohexanamine 300.15 304.905 295.267
208 N-pentylpentaril-amine 277.15 382.028 329.366
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# IUPAC CAS Name T (predcted K)
(exptl. K)
MLR ANN

209 2,6-ditertbutylpyridine 34515 334552 331.44
210 ethanel,2-diamine 330.35 28859 327.026
211 N-cyclohexylcyclohexanamine 37615 380.74 376.24
212 N,N-diethylacetamide 343.15 343.773 326.557
213 N-ethylethanamine 24515 301.613 237.992
214 2-diethylaminoethanol 32465 348.285 336.194
215 Diethylcyanamide 342.15 338.401 316.907
216 N-(2-aminoethyl)ethand,2-diamine 363.15 340071 358.463
217 N,N-diethylformamide 333.15 336.669 316.305
218 1-(2-hydroxypropylamino)propag-ol 39915 343.034 405.999
219 N-isopropylpropar2-amine 266.15 288.95 263.146
220 N-methylmethanamine 25515 265.924 244.246
221 N,N-dimethylaniline 336.15 356.04 353.182
222 2-dimethylaminoethanol 313.15 301.33 323.81
223 N,N-dimethylformamide 330.15 290.798 293.096
224 3,5dimethylpiperidine 204.65 302.183 303.333
225 heptan2-amine 327.15 321.424 316.324
226 heptanl-amine 317.15 337.285 316.826
227 3-methyt2-pyridinamine * 384.15 347.631 371.888
228 propanl-amine * 243.15 281.851 259.021
229 2-bromopyridine * 327.15 318.717 303.486
230 butanl-amine * 261.15 29571 279.44
231 4-chloroaniline * 461.15 337.778 356.749
232 N-allylprop-2-en-1-amine * 280.15 342.997 286.198
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Table 4. Continued

Ty
T
# IUPAC CAS Name f (predcted K)

expl. K
(expl. K) MLR ANN

- - 1 *
233 N-butylbutan1-amine 312.15 354.311 294.626

411.15 344.221 405.273
336.15 298.548 328.412
358.15 290.664 351.183

234 2-(2-hydroxyethylamino)ethanol *
235 N,N-dimethylacetamide *
236 2-aminoethanol *

*The solvents belonging to the test set for MLR calculations

The data set is divided into a training set (80%) and test set (20%), and cross
validation is performed by omitting each of 3 groups in tdime total range of flash
point values was divided into n smaller ranges. From each range a proportional number
of solvents were used to form the test set. The box plots of the training set and test set
for the entire data set are showm Figure 9. The test set and training setear

representative of the data set.
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Figure 9. Box plots of test set and training set

3.3.2 Molecular structuresaind topological indices

Structures for the chemical compounds were obtained from the PubChem
Databas® in the standard data format (SDFhe molecular structure information was
obtained for the 2D structure (i.e. without optimizing the geometry of the molecule for
lowest energy state)his format is able to provide sufficient information to calculate
topological indices using molecular graphs and related matrices (such asalistah
adjacency matrices)The PubChentompound database contains chemical structures
that have been validated. It also provides query and search tools for chemicals based on
their names, molecular weights, and other crité@ahin PubChem,he structue of the
compound can be found in the NSXML or SDF formatsAn example of molecular

structure storeth the SDF format has been shownkigurel10.
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The molecular dscriptors 29 topological indices) were then calculated all
molecular structuressing the Materials Studio 4.3 softwawccelrys Software Inc.),

and the correlations wepbtainedusing the Materials Studio Software packaye

702
- OEChem03301010282D

980 000 0 0 0999V2000

2.5369 -0.2500 0.00000 000 O 00000000
3.4030 0.2500 0.0000C 000000000000
4.2690 -0.2500 0.0000C 000000000000
3.8015 0.7249 0.0000H 000000000000
3.0044 0.7249 0.0000H 000000000000
3.9590 -0.7869 0.0000H 000000000000
4.8059 -0.5600 0.0000H 000000000000
45790 0.2869 0.0000H 000000000000
2.0000 0.0600 0.0000H 000000000000
1210000
1910000
2310000
2410000 H /\
2510000 —
3610000 O
3710000
3810000
M END
> <PUBCHEM_COMPOUND_CID>
702

> <PUBCHEM_IUPAC_CAS_ NAME>
ethanol

> <PUBCHEM_NIST_INCHI>
INChI=1S/C2H60/c1 - 2- 3/h3H,2H2,1H3

> <PUBCHEM_MOLECULAR_FORMULA>
C2H60

> <PUBCHEM_MOLECULAR_WEIGHT>
46.06844

> <PUBCHEM_OPENEYE_ISO_SMILES>
CCO

$$$%$

Figure 10. Example of molecular structure information stored in the SDF format
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3.4 Statistical methods
Both multiple linear regression (MLR) analysis and artificial neural network
(ANN) were used to evaluate the models and corresponding aagcuMultiple
regression models can be depicted using equé)jon
y=ax +aX,+...+ax +c ©)

wherea,, a,, etc. andc are constants chosen to give the smallest possible sum

of | east squares difference between true vy
equation. Neural network is a modwrlilding technique that may better represent-non

linear functions. ANN typically consists of three layers, an input layer, a hidden layer,

and an output layer. Each layer is connected to the next layer, and the connections are
associated with certain Awei ght so. The cCo
through a training mabd Backpropagation has been used here for training the model.

The algorithmcomprises of the forward passtially, wherein the input layer propagates

a component of the input vector to each node in the middle hidden layer. Consequently

the middle lagr computes output values, which become inputs to the nodes in the output

layer. The output layer computes the network output for a particular input vector. These

steps comprise the forward pass which is based on the current state of the network
weights. he network weights are initially given as random valttass, prior to training

the weights it is unlikely that reasonable outputs will be obtained. Hence the weights are
adjusted to reduce the error by backward propagation through the network. Thgsproce

is known as the backward pass. The error values are computed for eachasedeon
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the known desired output. The error for the middler nodes is then calculated by
assigning a portion of the error at the output layer node to the middle nodendtieta

of error attributed depends on the magnitude of the connection Weightthermore

the weight values are adjusted to improve the network performance according to the
BFGS BroydenFletcherGoldfarbShanno)method or steepest descent algoriffim

This method enables the network to model complexlm@ar functions for engineering

applicationg* The equatiorf4) best describes a neural netw6tk

T Wo

5 (4)

n, d
Yo =1 [ENkif [ENiixl T W
-1 i—1

where y denotes the outputyns the number of hidden nodesg v8 the hidden
to-output layer weights at the output layer k; isvthe inputto-hidden layer weights at
the hidden unit j, xis the " input of total d inputs, and wand w, are known as the

bias. Alsof is the norlinear transfer function which calculates the output at a node.

The transfer function used in Materials Studio is ashaped sigmoid function. This
function is chosen because it is smooth and easily differentiable which makes it easier to
train the network. The-sigmoid function is depicted by the following underlying

equation®™

()
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3.5 Results and discussion

3.5.1 Multiple linear regression

The calculated values for the flash points of solvents using multiple linear
regression and bagikropagation neural network analysis are showitable 4. Upon
using he entire data set for multiple linear regression analysis, poor accuracy was
obtained (R=0.479, r = 0.69R This is partially due to the large variability in chemical
constitution and structureThus, the data set was divided into different classes of
solvents Figure11 shows the distribution of flash point for each class) which have been
analyzed using MLR, and the results are as showraie 5, along with the correlation
coefficient, r, Rsquared valueR? R? (CV) for cross validation and F value, being

indicative of their predictive capability.
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Figure 11. Distribution of flash point values for each class
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Table 5. Results of multiple linear regressioron different classes of solvents for flash point prediction

_ Training set Test set
Class of solvents Equation - . ,
r R R(CV) F r R
T, =9.248xSC :2— 34.95% 3>(duster
286.053 0.925 0.855 0.613 109.06 0.933 0.870
Monohydric alcohols T '
Polyhydric alcohols T = 13.064x ’rk — 8.665 °k + 385.32 0.608 0.370 - 762 0500 0.251
Hydrocarbons T, =29.929x 'y — 105.05. 0.881 0.776 0.696 132.15 0.792 0.628
Amines T, =50.264x 'y — 31.88% %y, + 210.7¢  0.691 0.477 0.22 16.89 0.396 0.157
Ethers T, =30.045x 'y + 186.18 0.825 0.680 0.600 80.75 0.875 0.770

R = coefficient of determination; r = correlation coefficieRt; (CV) = F for the cross validation set, F = Fisher test

statistic; SC: 2 = Subgraph counts (second order): p&fiser = Chi(3): cluster™s =

(Valence modified).

Kna"p  @hi (n); %6, = Chi(2)

144
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An overall depiction oMLR results is shown ifrigurel2 as a plot of calculated

versus experimental values.

550

Multiple Linear Regressign

450

Calculated Flash point in K (MLF
250 350
o
o
(o)
3
@
o

150

150 250 350 450 550
Experimental Flash pointin k

a ClassMonohydric alcohols  x ClassPolyhydric alcohols
o ClassHydrocarbons ¢ Clasg; Ether
o ClassAmines

Figure 12. Plot of calculated versus experimental values of flash point using MLR (graph
depicts correlations from Table 1for all classes)

A statistical evaluation of error and deviation in calculatedsusexperimental

values is found using the following detfilons for the entire set of solvents.

l n
Average absolute deviationE: E 'T —T
i=1

exp calc
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T, T
exp
T

exp

calc

. 1
Average absolute relative deviation=)» _
ni=

1T, —T

Average percent bias =)  —22—2€ x 100

ni= exp

The average absolute deviation 26.819 K, the average absolute relative
deviation is6.5®%, and the average bias-3.21% for the data set using MLR.

From Table 1 monohydric alcohols and ethers show a consistent and higher
accuracy in prediction (as seen from the results of the training sé¢sirngbt), whereas
hydrocarbons show higher accuracy for the training set and do not perform well for the
test set. Models for polyhydric alcohols and amines do not perform better overall.
Alcohols and amines have additional molecular phenomena thatedib& physical
properties associated with the chemicals. Hydrogen bonding that occurs between
molecules where a hydrogen atom is attached to one of the electronegative elements
fluorine, oxygenor nitrogen- is one of the contributing factors for sucihemical types.

Vapor pressure is an influencing factor for flash point determirfdtihich in turn is
governed by attractions among molecules, unevenly distributed electron densities, and
bonded hydrogen atonfid

Mol ecul ar connectivity i ndi ces G show
solvents as seen in Table 1. Previous work has also shown that this particular type of
topological index has been used successfully to predict properties for normal and

branched alkaneé§ The topological indices applied here have some physical meaning.

The mol ecul ar connectivity index 66 provide:



a7

branching of mol ecul es and the, pppadeence ma
information on the chemical nature of the atoms. The shape of a molecate
determinedboy t he di fferent degrees and | ocati on
shape indices ©®. The subgraph count i ndex (
pairs of connected edges (i.e. number of paths of length 2). These indices collectively

can povide information on the size of a molecule (volume occupied by the molecule),

and the shape of the molecule (distribution of the molecular volume in Spade)

topological indices are able to provide some information on the interactions among
molecules, but do not give sufficient information on hydrogen bonding abfisy

aforesaid for certain classes of compourhds propertiesvould depend on the patterns

in intermolecular attractionsChus, other types of molecular descriptors may perform

better in predicting flash point for more complex compounds.

3.5.2 Artificial neural network

To enhance the predictive power, neural network analysis using topological
indices was performed on the entire data set of 236 solvents. The training set consisted
of 189 (~80%) compounds and the test set consisted of 47 compounds§: JAnEdwork
(consisting of 16 input nodes as giverTable6, one output node, and one hidden layer
with 6 nodes) gave higher accuracy for predictidrilash point as shown imable7. It
is to be noted though that such awmk configuration points to a highly complex

network with a large number of coefficients and variables.
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Table 6. Input variables to the neural network.

16 Input (predictive) variables for ANN

Kier Shapendices’ Kappal

Kappa2

9
9

9 Kappa3
3 Kappal (alpha modified)
9

Kappa2 (alpha modified)

Kier and Hall Subgraph count indices SC: 0 Subgraph counts (0): path
SC:1 Subgraph counts (1): path
SC: 2 Subgraph counts (2): path

Kier and Hall Molecularconnectivity %G Chi (0)
indice$® s Chi (1)
%G Chi (2)
% Chi (3): path
%G, Chi (0) (valence modified)
s, Chi (1) (valence modified)
%6, Chi (2) (valence modified)
%6, Chi (3): path (valence modified)

Table 7. Results of reural network analysis for flash point prediction

n =236, Network configuration = 16:1

r R° R%(CV)
Training set 0.940 0.883 0.638
Test set 0.878 0.772 0.664
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The input parameters are selected based on the best set of descriptors found in
the MLR models. Neural networks are good at fitting functions, but could occasionally
result in oveffitting. Thus, a test set is needed to verify the predictive power of the
neural network and, as expected, the accuracy for the test set is lower than the training
set. Figure 13 shows the plot of calculated values against experimental vafuiéssh
point. The average absolute relative deviatiob.B3%, the average absolute deviation is

16.08K, and the average percent biasfdi22%for the complete data set using ANN.
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Figure 13. Plot of calculated versusexperimental values of flash point using ANN
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The results from ANN show higher accuracy than MLR although the complexity
and nonlinearity of the ANN model makes it difficult to directly apply it to the CAMD
problem (since CAMD requires simpler, preferabhear, relationships for an MINLP
based formulation). Thus, a suitable methodology that incorporates neural network
models in the solution of an inverse problem would be a significant development in this
approach. Overall, neural network analysis givetien prediction of flash points for

solvents.

3.6 Conclusions

Computer Aided Molecular Design is one medos finding inherently safer
chemical substitutes for solvents. Supplementing the group contribution methods by
newly developed methods is a promisimgnture for CAMD in future. Thissection
discusses an approach to achieve this objective. Efficient QSPR approaches have
become an attractive option in recent years for property estimation in general. Thus, it is
also important to identify its applicabifiin CAMD for solvent substitution. One of the
hazardous properties, flash point, was evaluated using QSPR for different classes of
solvents. Topological indices in particular have been used in this work to facilitate future
application inCAMD as explaind earlier. Although the results proved to be promising,
some aspects can be explored further with regards to CAMD:
1. An ANN model for flash point gave higher accuracy for the entire data set than

MLR, but the application of this complex model in CAMD has not yet been
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investigated. The nelinear equation that defines a neural network will prove to be
difficult to implement in CAMD. Previous studies have used linear relationships
preferably, to reduce the CPU time.

2. Further justification for using QSPR instead of group contribution methods in
CAMD is needed. The established group contribution methods are applicable to a
wider range of chemical species, whereas QSPR methods are occasionally specific
to a particular class of chemical compounds. In this paper, the flash point
prediction proved to be of higher accuracy for certain classes of solvents
(monohydric alcohols and edts) as compared to other classes (amines, polyhydric
alcohols). In order to obtain higher accuracy in the QSPR modeklasdes for
each of the classes investigated here need to be assessed. Subsegiieisicgub
defeats the purpose of CAMD to cho@seongst a larger range of chemicals.

3. More properties which need to be considered during selection of solvents such as
solubility parameter, boiling point, surface tension, and vapor pressure for diverse
chemical data sets need to be predicted and assessedtopological indices.
Other safety related properties that need to be evaluated are toxicity levels (e.g.
LCsg), and reactivity or stability related properties.

Thus, there is a pressing need to explore the applicability of QSPR (and
topological indces) in future CAMD studies. QSPR has been successfully applied in
guantifying certain biological responses and polymer behaviors in the past, but analyzing

its suitability for CAMD remains to be accomplished.
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4. MOLECULAR DESIGN: CA MD AND ICAS

4.1 ICAS infornation

The Integrated Computer Aided Systene. ICAS, Version 11.0 developed at
the CAPEC group in Technical University of Denmark provides a tool (ProCAMD) for
the design and selection of solvents and process filiiise feasiblesolvent candidates
generated through the toolbox satisfy desired property constriaastsd on group
contribution models ProCAMD is based on a hybrid methodology for CARD
employing group contribution based property prediction meth&®&tsCAMD is linked
to two other modules in ICASProPred and CAPEC Databasehis enablesall
generated and testestructuresto be further analyzed through ProPred ammoss
checkedfor the molecul® xisencein the CAPEC databas&ome of the properties

that can be included in the selection process are as shdwable8.
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Table 8. Properties for solvent selection in ICAS 11.0

Nontemperature dependent properties

Critical temperature, pressure, volume Normal boiling point

Normal melting point Gibbs energy of formation
Enthalpy of formation Enthalpy of vaporization
Ligquid molar volume Open cup flashpoint

Total solubility parameter Surface tension

Log P (Octanol water partition Refractive index

coefficient)

Temperaturelependent properties

Liquid density Viscosity
Diffusion coefficient in water Vapor pressure
Thermal conductivity Liguid heat capacity

Mixture properties

Selectivity Solvent power
Solvent loss Distribution coefficient
Separation factor Solute loss

Solvent capacity Feed selectivity

These properties are estimated using group contribution based approaches, which
are derived from molecular structure information. The desired property of the molecule
is expressed as a function (generally additivehefnumber of groups of type i present
in a molecule and the contribution of that group towards the final property. Individual
contributions of functional/ structural groups are predetermined using empirical data and

property prediction modeling technicqgueSome group contribution methods developed
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for property prediction have been published previalfs{§ Definitions of mixture

properties as given in the documentation arghasvnin Table9.>’

Table 9. Definition of solventmixture properties relevant to solvent performance

Solute distribution coefficient, rr _ Vs MW,
’7/?5 MWS
Solvent loss, S 1 MW,
(R
fYB’s IleB
Solvent power, & 1 Mw,
I
fYA,S IV|WB
Solvent selectivity,3 . To's MW,
’Y:S MWB
Solute loss Amount of solute leaving with the raffinate
Solvent capacity This is similar to solvent power. It is expressed

mass of solute dissolved per mass of solvent

Separation factor The ratio of equilibrium constants for A and B wi
respect to S corresponding to the feed selecti
calculations

MW is the molecular weighty™ is the activity coefficient at infinite dilution, S ¢

subscript indicates solvent, A as subscript indicates solute A that is to be recovere
subscript indicates solute B that is to be recovered, {A,S} {B,S} indicate binatymas

where the first compound is in infinite dilution.
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In order to select inherently safer solvents, hazardous properties of the solvent
should be investigated, such as flash point, toxicity levelg-etcassessing flammability
hazard, thendicative properties arwer flammability limit and its vapor pressure at
the prevailingtemperature Flash point is the lowest temperature at which the liquid
gives off enough flammable vapors to form an ignitable mixture with air. Thus, flash
point accounts for the phenomenoof high-enough vapor pressure such that the
concentration approximately corresponds to the lower flammability limit. Thus, the flash
point is the main parameter to assess flammability of maférar assessintpxicity
hazard, the commonly used values are threshold limit value (TLV3}p BBd LGy
values. TLVs are better suited for emergency planning because they provide exposure
limits for workers over hour working days, whereas legislations generally makeofis
the LDsy or LCso values which can provide better estimates to protect a broader
population.Models used to predict open cup flash point angplt@xicity values in the

ProCAMD module are as shovimTable10.
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Table 10. Prediction models for flash point and toxicity value

Property Group contribution method of predictifn Model accuracy
Opencupflasl T (K) =3.63x YNT, + 0.409T (K) + 88.4: T,(K)
point (K) ' Avg. absolute
h
where error = 5.35K
Avg. relative

T,(K) =204359x log Yy N T, +SM T,
i j

error = 1.42%

Open cup flast T,(K) =155.192+ SNC +SMD, +SOE, Avg. absolute
i Kk

point (K) - i error = 8.56 K
Marrero & Avg. relative
Gani error = 2.66%

r=0.9692
LCso toxicity _joq LCy, =S No R =0.91&
values ! RMSE= 0.37
(mol/lt)

4.2 Integration of safety aspects

Apart from providing property prediction models, suitable limits or
corresponding requirements for tihezardousproperties need to be specified. Such
information can be obtained from external standards and guidance; National Fire
Protection Association ratirff§ OSHA HCS- Globally Harmonized System of hazard
classification™ EU directive” Dow Fire and Explosion indeX and Heikkila hherent
Safety IndeX? Table 11 shows the flammability classification obtained from different

sources given above. It can be dedutted for the purposes of selecting inherently-less
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flammable solvents, the flash point Tf should be greater than ~380 K. Similarly,

Table 12 indicates that in order to select an inherently -les$c solvent, the L&
toxicity level should be greater than ~2 mdbr a 4hr exposure. The ProCAMD
module enables us to provide such limiting values for open cup flash point and toxicity
levels prior to generating molecules using CAMD. For toxicity level ofpl@n indirect
constraint is placed on log P (octanol/watertition coefficient), because it has been

shown that log L& (in moles/It) is almost linearly related to logd P"®

Table 11. Flammability classification criteria according to different guiding documerts

Hazard Flash point (K) and boiling point (K) criteria
category NFPA rating and Dow OSHA GHS EU Directive 67/548 and
F&EI Heikkila 1SI

% - T;<295.8; <3108 T;<296; T, <308 T;<273; <308

% % T§<295.8;1,>310.8 T:<296; T,> 308 Ti<294 ; > 273

% 5— T¢>295.8 ; F< 310.8

€ E T>3108;T<366.3 Ti>296;F<333 Ti>294 ;% <328

T =

[ T: > 366.3 T¢>333; T, < 366 T:> 328
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Table 12 Toxicity classification criteria according to different guiding documents

Hazard LCso toxicity level criteria (mg/It) for 4 hr exposure
category OSHA GHS inhalation vapors, EU Directive 67/548
LCs50< 0.5
LCs50>0.5; LGp< 2.0
LCs0> 2.0; LG < 10.0
LCs0>10.0; LGp< 20.0

Toxicity
decreases fron
top to bottom

The inherent safety of the selected solvent will also depend on reactivity
characteristics (if any) of the chemical. But in this work, flammability and toxicity levels
have been considered for the selection of inherently safer options for solvents.yrhus, b
integrating Computer Aided Molecular Design and inherent safety guidance based on
hazard classification, a solvent selection strategy can be developed that accounts for
60substitutiond during the early stdages of

case study in Sectidh

4.3 Comparison of database selection and CAMD

Another logical approactor selection of safer solvents is to investigate a
database of $eents. ICAS 11.0 includes ProCAMD module as described in previous
sections, andhe CAPEC Database that includes extensive data for various types of
mixtures, pure component properties, and solvent properfies type of solvents

selected by both methodan be compared by carrying out a simple case study. Results
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from a representative separation case study for pivestar mixture for both CapecDB
Manager and ICA®roCAMD have been assessed. The following guidelines were
considered as initial firgtstimate criteria for solvent selection
1 Easier separation in the solvent recovery unit is achieved whemtinalnboiling
point of the solvent and vapour pressigraot close to that of phenol
1 The solvent should have high feed selectivity and separ#tictor, and low
solvent losses
1 Solvent should possess favourable characteristics that make it inherently safer such
as highflash point and low toxicity value. The flash point is estimated directly,
while the toxicity level, LGy can be estimated based octanotwater partition

coefficient (P) valuas shown in equatioi).”®
i e, ,=—- -+ il d EP614i | (6)
Toluene is traditionally used for phenwhter separation. Thus, the selection
criteria can be quantitatively inferred

Tablel3.

Table 13. Selection criteria for phenotwater mixture

Normal boiling point (K) Max: 450

Open cup flash point (K) Min: 320

Log P (Octanol/water partition coefficient) Min: 1.5

Liquid density (g/cri) Max: 0.9 at 298 K

Vapor pressure (bar) Min: 0.003 at 360 K

r
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The ProCAMD module enables the user to include constraints for mixture
properties and solvent performance such as solvent loss (n@&4), separation factor
(min: 80), solvent capacity (min: ,2and feed selectivity (min: 8).

The results of both search approaches have been shovatle 14. In terms of
overall applicability of tle two approaches, certaitresagths and weaknessean be

deduceds given inTable15.

Table 14. Comparison of results fromProCAMD & database search

ICAS ProCAMD Database searct

Number of solvents identified 58 23
Isomers 57 13
Maximum value of flash point (K) 335.1 430

Table 15. Strengths and weaknesses &FAMD & database screening methods

ICAS ProCAMD Database search
i Capable of generating new 1 Provides more accurate proper
molecular structures values from credible data
Strengths N
1 Ability to select based on solvent sources
performance characteristics as w
1 Group contribution based propert fLimited properties available for
prediction is not vergccuratdor selection criteria
Weaknesses

isomers or complex molecular Solvent performance criteria

structures cannot be specified
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Anotherdatabasénas been developed for solvent seleGti®ARIS 1l (Program
for Assisting the Replacement of Industrial Solvefits) can be used tdesign single
chemical substitutes and mixture substitutes. The chemical families found in the
databas are normal hydrocarbons, ketones, alcohols, aromatics, and organic and
aqueous mixtureRARIS 1l takes into accourgerformance and operational properties
such as molecular mass, liquid density, boiling temperature, vapor pressure, surface
tension, visosity, thermal conductivity, and flash poinEor pure components
information is obtained from DIPPR correlations and datad for mixtures the
properties are calculated using weighted sum approach, UNIFAC method, and other
correlations developed by preus researchers. In order to assess the interactions
between the solvent and the solute, the approach used in PARIS Il is that the solvents of
interest are investigated for their interactions based on the indithitiion activity
coefficient with a setforepresentative solutes from different chemical familieorder
to assess human and environmental impact of solvent use, two indexes are used:
envronmental index and air indeXVhen dealing with chemical mixtures, the PARIS I
software deals with welded additive functions. This is a drawback when assessing
environmental impact of mixtures because the effect of two or more chemicals can be
antagonistic or synergistic.

Another limitation of such adatabase searching method is that new molecular
strucures cannot be generated, and the selection can only be made with existing
chemicals in the atabase. This is also seen is@vent substitution example shown in

Li et al.”® where the solvent tbe replaced is benzene and the suggested replacements
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(single chemicals and mixtures) violate some property constraints for molecular mass,
liquid density and flash pointAlso, this database does not account fmst

considerations for solvent substitutes

4.4 Conclusions
This section discussestool, ICAST ProCAMD that can be utilized to carry out

CAMD studies using group contribution methods of property predictibis. fbol works

as a multlevel, testandgenerate software for CAMD purpose.

1. ProCAMD includes nortemperature dependent properties, temperature dependent
properties, and solveisblute mixture properties. It also includes estimations
related to safety related properties such as flash point agdlb@ P).

2. The limiting conditions for hazdous properties can be inferred from existing
guidelines such as NFPA 70Mazardous classification system, OSHA GHS
classification system, and the European Union directive based classification
system.

3. Solvent substitutes can be designed to be single ch&mor mixtures of solvents.

At the same time, solvents can be selected from an existing database with relevant
properties, or by using the CAMD methodology. Both approaches have certain
shortcomings and advantages. Database technique is unahleays provide

solutions that matckhe property requirements whereas; CAMD can in principle
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generate new molecular structures that match the target properties if suitable
property prediction models are available.

Future research can be carried out in the aresloEnt selection using database,
such that it accounts for mixtures and pure components as well as cost

considerations.
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5. PROCESS DESIGN: SIMUWLATION WITH SENSITIV ITY ANALYSIS AND

OPTIMIZATION

5.1 Introduction

Al ong with O0substitutiono, ot her inherer
accounted for are Oattenuation/ moder ati on
can be incorporated by placing suitable constraints on process design, such that the
constraints provide a relationship linking the level of hazard/ risk and the design
parameters. For example, on the one hand, considering flash point of solvents as shown
in Section4.2 provides an indication of the ease of igniting the material (as well as
amount of heat energy required to enable ignition). On the other hand considering
properties such as vapor pressure and heat of combustion givedication of how
quickly the liquid evaporates and how severe the consequences could be. Consequence
modeling for incidents provides a framework for the development of such relationships

among variables.

" Part of this sectionisrepristd  wi t h p e rimhérendyisadendedign of solvent

processes at the conceptgtdge: Practical application for substitution by S. Pat el ,
Ng, M. S. Mannan, 2010Journal of loss Prevention in theProcess Industries
doi:10.1016/.jlp.2010.03.00Zopyright 2010 by Elsevier Ltd.
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5.2 Integration of safety consequence modeling

5.2.1 General consequence modeling

There are many approaches and types of constraints that can be implemented
during the design stage of the process as shawrigure 14. The figure shows that at
each step of consequence modeling, there is an opportunity to place a suitable limiting
condition on the paraeter being estimated. For example, if dispersion modeling
equation is utilized, then a suitable limit on the concentration level can be imposed, such
as 6Concentrationgtsdiudidt yn olt e veexlcse eat L&L par
60 Concent rnatfig betweemthed EL (lower flammability limit) and UFL (upper
fl ammability | imit)a. Similarly, some exam,

the limiting condition are shown Figurel4.

5.2.2 EPA RMP worst case modeling

Apart from general consequence models, another approach as described below
can be applied to integrate safety consideration during the design phase. This approach
makes use of informatiorobtained from the EPA Risk Management Program
guideline&® and has been employed in the case study in Se&tibhe regulation covers
facilities that contain more than the threshold quantity of 140 regulated substances,
which includes many commonly used solvents such as carbon disulfide, pentane, toluene
etc® An offsite consequence analysis provides information to the government and the

public about theotential consequences of an accidental chemical release at the facility.
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For flammableand toxicsubstances, the regulation states that the consequence analysis

must consist of a worstase release scenario, and alternative release scenarios.

Sequence of

calculations in Examples of model equations Limiting condition/ parameter
Consequence (CCPS, 1999) g P
mo'_d|eling

i

Mass of liquid discharge through ‘g,ch models arbeneficial when
a h°|e“"] gank the substance is released in
Release & G =000 2"Q0; ) quantities greater than
source |}--» Massof liquid dl_s_charge through ' hermissible amounts (such
model a sharpedgedorifice values could be obtained from
hazardous waste criteria

—n Y 2 —= P
& 060 ram according to EPA)

Hazardous concentration levels

" Gom dq _ can be specified for
Where»o andg amispersion

®0xn0,0 =

: : 1. Flammabilityhazard
Dispersion ...y Ccoefficients which are functions (C) < LFL aﬂ):f (€)= UFL
model of downwind distance x. for &g 2 Toxicity hazard
v = 0.18x092 (€Y< LC
W f T 50
»g = 0.60x%7
For pool fire effects
Effect & Q = 1-6YQPQ For 50% fatality, the probit
probit  [--> Probitmodel provides an variable , Y= 5.0
estimate of harm to personnel =~ Fort=10s, I = 61 kW/h
model otc. Fort=100's, I=11 kW/f

tc ) 3
o 10%exp (O+ 14.9)j 256 4
0

Figure 14. Forming safety constraints based on consequence modeling and other criteria
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5.2.2.1 Flammable hazard

EPA RMP stateghe requirements for the worshse scenario of flammable
release, for which the endpoint has been defined as the distance to 1 psi overpressure
resulting from a vapor cloud explosion. This endpoint has been determined to be the
threshold for potential s@us injuries to people as a result of property damage caused
by an explosion (for e.g. shattering of glass windows, and partial demolition of houses).
For liquid releases, the quantity participating in the vapor cloud explosion is the amount
that volatiizes in 10 minutes from a pool formed by the entire quantity of the mixture.

The evaporation rate can be estimatith equation(7) as shown below’

~0.284xU %" x MW ?° xA VP

R H 7
Q 82.05xT )

whereQR = evaporation rate (pounds per minute), U = wind speed (meters per
second) ~1.5m/s, MW = molecular weight, A = surface area of pool formed by the entire
guantity of mixture (square feet), VP = vapor pressure (mmHg), T = temperature of
released substaad¢K).

Thereatfter, the total amount vaporized in 10 minutes can be found by multiplying
QR with 10. This amount can then be further incorporated into the explosion

overpresare-distance calculation usingjeation(8) given below.

D, = 0.0081x

flam

He \°
0.1xW, x C f ] (8)

TNT

where DRQam = distance to overpressurof 1 psi (miles), W= weight of

flammable substance (pounds) N&® , HG = heat of combustion of flammable
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substance (kilojoules per kilogram), k& = heat of explosion of trinitrotoluene. The
factor 0.0081 is a constant for damages associated with 1 psi overpressure, and the factor

0.1 represents an explosion efficiency of 10 %.

5.2.2.2 Toxic hazard

Guidelines for theaoxic worst case release quantity remaimilar, that is the
total amountof toxic materialhdd in a single vessak releasedHaving assumed the
guantity being released, the next step is to calculate the amount being vaporized by using
equation(7) given in flammable consequence modeling. Thereafter, the total time to
evaporate can be calculated’he EPA RMPguidelines for worst casgcenario related
with toxic exposure providéhe toxic endpimts individually for all chemicals listed in
the hazardous category list by EPAhe toxic endpoints correspond to the maximum
airborne concentrations below which it is believed that nearly all individuals can be
exposed for up to one hour without expeging or developing irreversible or other
serious health effects or symptoms which could impair an individual's ability to take
protective action.This toxic endpointis not the same as the one calculated by the
ProCAMD model, which is for estimatingCso: the aqueous concentratioausing 50%
mortality in fathead minnow after 96. hus, the dispersion calculations cannot be
based off of the EPA guidance. Rather the method applied here is based on simple
PasquiltGifford dispersion model calculations. Rible worst case scenario the stability

class is F (stable conditions, nighttime, <50 % cloud cover and winegh/s)3 The main
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equation used to relate concentration of the toxic plume with the distance is shown

below.
Cop & 2 9)
WJyUZU
0, = 0.067&f*° (10
o,=- +-xP% (11

where C(x) is the vapor concentration, Q is the release rate, u is the wind speed

and 0,0, are the dispersion coefficients in the y, z directions. The above equation needs

to be manipulateguch thatdistance to toxic endpoiftecomesa function of the other
parameters. fe resulting equations that can be used to perform toxic consequence

moceling are as shown below.

_0.284xU " x MW ° xA /P
a 82.05xT

QR (12

where QR = evaporation rate (pounds per minute), U = wind speed (meters per
second)~1.5m/s, MW = molecular weight, A = surface area of pool formed by the entire
guantity of mixture (square feet), VP = vapor pressure (mmHg), T = temperature of

released substance (K).

_[0.31505<QR A
o 'MW xLC

(13
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where Qo = distance tdoxic endpointof LCso (mete), QR is the vaporization
rate (Ib/min) LCs is the lethal concentratiocausing 50% mortality in fathead minnow

after 96h (mol/lt).

5.3 Sensitivity analysis afingle and multiplparameters

Sensitivity analysigrovides a means of determining the effects of changes in
input variables to desired output variablescdh aid in determining what factor needs
better estimation, and identifying weak links of the assessment Gesitivity can be
measured using different approaches, such as local derivative based method, regression
method, Morris method, variance baseethods, and Monte Carlo filtering. In this
work, sensitivity analysis has been performed using regression techniques to obtain
standardized regression coefficientfis method can be applied to multiple parameter
sensitivity analysisData forcombinations of various parametensd their influence of
process outputs can be measured usisigen Plussimulator and the sensitivity feature
described inSection5.4. This collection of data is based @ombinations of inputs
obtained by varying multiple parameteesch taking discrete values as specified in the
simulator The data is standardized using the mean and the standard deviation and then
the regressio algorithm (such as ordinary least squares) is fed with model input and
output values. A regressed matadel is returned whereby the output Y is expressed as

a linear combination of the input factors.

Y =8P, + 8P, + 8P, (14)
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Y is the set of estimated/measured values of intereghich has been

standardized, and thearameter setare P_, P,, and P, which are independent and

standardizedThe input and output data is transformed to its standardized state by first

subtracting the mean value, and then dividing by the standard devigtirare called

the standardized regression coefficienf$e standardized regression coefficients

provide a direct measure of the relative importance of the input varfables.

The effectiveness of the regses coefficients will be based cﬂay2 of the meta

N N
model, which is defineelsRy2 252 W —y 2 &Z, y" 9% % For a measure of linearity,
i=1

i= i=1
if the Ry2 is larger than ~@.then the metanodel representslarge part of the variation

in Y. The disadvantage of using such a regression based technique is that it is not
altogether suitable for neimear models, and can be misleading for -no@notonic

models.
Thus, a measure of the sensitivitgrameterS’ can beobtained usingequation

(15 shownbelow. This is possible because standardized data has been applied to the

regression analysfs.

oY
S_U = — = . 1
= (15
The data collected from Aspen Plus is large in number because of the ease of

obtaining simulation points. But the drawback associated with this assessment is that by

simply peforming data collection based on incremental values of the parameters, it does
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not guarantee normal distribution in the data. This can result in some variation in the
sensitivity parameters obtained using this assessment. Thus, the values should be subject
to proper validation and judgment.

For single parameter sensitivity analysis, only one factor is varied and its effects
can be observed b2D graphical approach-or two parameters, the effects can be

visualized by 3D graphs.

5.4 Aspen Plus® sensitivitydeureand optimization feature

Sensitivity in Aspen Plus is a part of model analysis tools, and it is able to vary
one or more flowsheet variables and study the effect of that variation on other flowsheet
variables.Sensitivity analysis results are dispalyin a table with the first n columns as
the list of n variables to be varied, and the remaining columns are the variables to be
estimated. The estimated variables of interest could be either internal flowsheet variables
or valid Fortran expressiond-ortran expressions can be utilized to include the
consequence modeling related equations as describ8edtion5.2.2 The sheet for

specifying variables to vary has been showRigure15.
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Figure 15. Snapshot ofAspen Plussensitivity tool

Along with sensitivity option,Aspen Plusalso provides optimization feature.
This tool can be utilized to obtaenhancedolutiors for different solvents by changing
process parameters such that tloggimize a userspecified objective function.The
objective function can be any valid Fortran expression involving one or more flowsheet
guantities. Equality or inequality constraints can be imposed, which can be functions of
flowsheet variables using Foaih expressions.

Aspen Plusises an iterative approach to solve the probldims.variables in the
stream or block inputs are provided as initial estimates. The results of the optimization

block are the value of the objective function and the convergsteteis of the
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constraintslt is recommended to include sensitivity analysis before optimization to find
appropriate decision variables and their ranges. Also, the results of optimization can be
evaluated to find out if the optimum is broad or narrow.

Two optimization algoritms are available in Aspétlus. The COMPLEX
method uses the welinown Complex algorithmand can handle inequality constraints
and bounds on decision variables. Equality constraints must be handled as design
specifications. The COMPLEmethod frequently takes many iterations to converge, but
does not require numerical derivatives. The SQP method is aNeason nonlinear
programming algorithm. The SQP method usually converges ierfearations but
requires numerical derivatives fafl decision and tear variables at each iteration. The
default optimization convergence procedure in Adpkrs converges théear streams

and the optimization problem simultaneously, using the SQP method.

5.5 Conclusions

This sectiondescribes the approach used to integrate safety considerations at the
design stage using available tools and features in commercially available process
simulators, such a#\spen Plus This approach benefits from the vast extent of
information and processiodels available ilAspen Plusthus eliminating the need to
include process models separately when integrating safety aspects. This would be the
case if a purely optimization based method was selected. The code for the optimization

problem would include averning process models (such as mass balance, energy
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balance, equilibrium modelsate equations, models to compute physical propeeaies

consequence models (such as release model, dispersion model, probit model).

Simultaneously, much information forgperties and other parameters would be needed

and that would have to be manually inputted to the optimization program. Alspen

Plusgives access to the-built database of properties, process models and convergence

tools. The inequality constraintsch as material flow limits, pressure, temperature and

concentration upper and lower bounds, environmental constraints, and safety constraints)
can be included easily using simulator optidfis.
The conclusions of this section are as shown below.

1. In order to integrate consequence modeling, guidance can be obtained from general
consequence modeling equations or regulatory based reqoieem@eneral
consequence equations require the user to make assumptions regarding certain
physical and environmental parameters, whereas regulatory requirements contain
more specific guidelines that eliminate the need for assumptions. But the drawback
of regulatory guidance is that it is more simplified and cannot be applied to all
types of hazards or chemicals.

2. Aspen Pluscan be used to assess the inherent safety of the process based on
consequence modeling by simply providing input for consequence modetsns
of an excel spreadsheeteortran code. Two toolboxes withfspen Pluscan be
used for further analysis, the sensitivity toolbox and optimization toolbox within

model analysis.
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Sensitivity analysis can be performed for single or multiple paemsethe data

from the simulation can be graphed and further analyzed to obtain the sensitivity
parameters. Analyzing the outputs of the models both in terms of process
efficiency and process safgpyovidesthe user more information to chodsetter
options in terms of feasible solvent and process conditions for further evaluation.
Optimization tool provides a means of placing constraints on the safety
requirements of the process and thereby, assess the more attractive options
available. Further descripih of benefits associated with these features has been

included inthe case study shown in Secti@n
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6. CASE STUDY: LIQUID -LIQUID EXTRACTION OF ACETIC ACID -
WATER MI XTURE*

The case study used to demonstrate this method is a-liquid extraction
process for an agueous solution of acetic acid. The separation of acetic acid and water by
simple rectification is very difficult and costly, requiring a column with mstages and
a high reflux ratio. Thus, generally extraction is the chosen method to separate acetic
acid and waterUsually, ethyl acetat@ndmethyl isobutylketone arereferred solvents
for this separation becausétheir separation power amower boiing points.Having a
lower boiling pointmay in turn reduce the energy costs associated with the distillation
stage.

The liquid extraction process is simulated using Aspen Plus, which is able to
facilitate rigorous calculation of theumber of theoreticadtages required provided that
an accuratdiquid-liquid equilibrium model is employedlhe program is not able to
sufficiently provide information about massinsfer performance in terms of stage
efficiency or extraction column height requirements, tghgut and flooding

characteristicswhich can be evaluated using other methods and software

"Part of this section i lshererglpsaférdesigndfsoliert h per |
processes at the conceptstdge: Practical apphtion for substitutioa by S. Patel,
Ng, M. S. Mannan, 2010Journal of loss Prevention in theProcess Industries
doi:10.1016/j.jlp.2010.03.00Zopyright 2010 by Elsevier Ltd.
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Also, another limitation associated with the use of a simulator is thist i
dependent on the quality of the ligtliquid equilibrium model programmed into the
simulation. In most casean experimentally validated model is needed, and UNIFAC or
other estimation methods are not suffici&hBut for the purpose of this study, the
UNIF-LL property method is employed, which uses interaction parameters developed
for liquid-liquid equilibrium applications.

An advantage of usinghe process simulator is that it facilitates process
optimization by allowing rapid evaluation of numerous design cafls. process
simulator is suitable because it contains the model of the process which is the bulk of the
constraints in an optimizatioproblem. Thee equality constraintsn the simulator
include all the mathematical relations such as material balance, energy balance, rate

equationsphase relationsand methods of computing physical properties

6.1 Molecular desigrand inherently safer solvents

Target property requirements are specified in the ProCAMD module of ICAS.
The nontemperature dependent properties specified are boiling point greater than 400
K, open cup flash point greater than 300 K, and log P (octartelwaartition
coefficient) less than 3.5. Mixture properties such as selectivity, solvent losses and
solvent capacity are also specified. Upon running the module, total number of
compounds selected or generated (along with isomeric structures) arEi@d@. 16

shows the flash point and octasveater partition coefficient estimated for the 308
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selected solvents, which includes solvents identified in the internaladatads well.
Solvents that were carried forward in the extraction simulation step, as shdwblen

16, were chosen such that they were also found in the ICAS internal chemical database.
For these representative solverfiggure 17 shows the estimated open cup flaslinpo
temperature versus estimated valuesilmig(LCsg). The identified solvents satisfy
requirements for both types of hazardous properties. Some solvents have lower toxicity
levels (5methyt2-hexanone, and-Beptanone), while some solvents possess higher
flash points (5honanone, and-Bonanone). For the purpose of this case study, 10
solvents which are identified in the database for acetic\aatdr separation will be
carried forward for further analysis because these solvents can be easily charaaterized
the simulator software used in Step 2. The performance of ethyl acetate (which is a
commonly used solvent for acetic agidter separation) is also assessed and compared
with the solvents identified using ProCAMD. Ethyl acetate has a flash point ¢t K80

and LGy of 45 mg/It. Solvents with lower flash point would indicate higher tendency to

ignite, thus increasing probability of occurrence of fires or explosions.
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Table 16. Solvents selected using ProCAMD module in ICAS 11.0
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6.2 Process desigwith consequence modeling

A simple flow diagram used for simulating the extraction and solvent recovery
section has been shown kiigure 18. This flow diagram is intended only for depicting
the initial conceptual design stage, primarily for screening solvents based on separation
capability and daty aspects (related to explosion overpressures). The input to the
simulation for feed streams and column characteristics has been shoalnled7. The

process simulator used for this case studdsigen PlusVersion 2006®.

RECOVERY

OVERHEAD

EXTRACT
2N ah
o

BOTTOMS
RAFFINAT >

Figure 18. Flow diagram for extraction and solvent recovery

Table 17. Simulation inputs for extraction and solvent recoery

Feed stream Acetic acidi 6,660 Ib/hr; Wateiir 23,600 Ib/hr; Temperature
100eF; TRO@E sur e

Extraction column Stages 6; Pressuré 100 psi

Solvent recovery Recovery: Light key componeiit0.95; Heavy key componeiit

column 0.05

Solventstream Vary flowrate to assess effects on separation and safety
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In order to integrate safety modeling into the process simujatrmdels as

specified in Sectiod.2.2can be used, for example in this case study equaf@red

(8) are simultaneously calculated using properties and parameters obtained from the

database within the simulatdfor flammable hazardshe solventrelated parameters of

interest for this calculatio are molecular weight, volumetric flowrate (that is used to

calculate the area of the liquid pool), vapor pressure, temperature, and heat of

combustion. These parameters are provided as inputs to the calculator block within

flowsheeting options and corpnding calculations are performed using an excel

spreadsheetF{gure 19). Similarly, spreadsheet evaluation can be included for the

calculation of toxic hazards agstribed in sectiob.2.2.2 Aspen Plusalso allows for

the inclusion of nple Fortran code for flammable and toxic consequence modeling and

this has been shown Bection$.3.4and6.4.4

c

D

Calculation of impact distance using EPA RMP guidelines
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Figure 19. Microsoft Excel spreadsheet linked with calculator option in Aspen Plus®
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6.3 Results and discussidar flammable hazards

6.3.1 Single parameter sensitivignalysis

Furthermore, in order to assess how changingingle parameter, such as
flowrate of the solvents affects the separation characteristics and inherent safety of the
process, the sensitivity block within the model analysis tools of the simulatsed
The flowrate is generally varied from 40,000 Ib/hr to 80,000 Ib/hr for all solvents
identified. The calculator and sensitivity analysis blocks are coupled to obtain
simultaneous results for process simulation and consequence modeling, therebygreducin
the time to perform the assessment.

The results of the simulation assessment are plotted to observe and analyze the
viable options for separatioRigure20 shows the extent of separation in terms cti
acid in the extract phasersus the impact distances calculated for 1 psi overpressure. 11
solvents were evaluated and their individual dienonsisted of multiple datapoints that
resulted from modifying the solvent flowrate from 40,000 to 80,000 Ib/hr. It can be
observed that solvents such asdhanone, ionanone have shorter impact distances,
whereas Gnethyl2-hexanone and ethyl acetdtave better separating power. Decision
for appropriate solvent to be used would need to be based on theffadad design
requirementsFigure 21 shows the reboiteheat duties in the solvent recovery column
versus the impact distances. The energy requirements of solvent recovery greatly affect
the economic viability of the overall extraction process. Thus, it is important to assess

the reboiler heat duty to make astimation of the associated costs. Agaimofanone
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and 2nonanone have low requirements for heat duty, buethyt2-hexanone shows a

trend of greatly increasing heat loads. In order to achieve the same amount of separation
the required flowrate of $eents with inherently safer characteristics is more than the
flowrate of ethyl acetate, but the consequence associated with the inherently safer
solvents remain lower because of the combined effects of other intrinsic properties such
as vapor pressure arfteat of combustion. Thus, application of such a preliminary
screening approach identifies viable candidates for the separation process taking into

account trad®ffs between process efficiency and inherent safety.

6.3.2 Dual parameter sensitivity analysis

Figure20 andFigure21 show the variation of oneariable and its effects on the
parameters of interest. Similarly, the effects of two variables can be visualized by using
3D graphs or surface plots. Thus, having changed the solvent flowrate and the
temperature of the solvent simultaneously, the assatceffects on acetic acid in extract
phase and the impact distance for 1 psi overpressure can be measured and plotted. For
the conventional solvent ethyl acetate the effects on acetic acid in extract phase and
distance to overpressure are shown in Fidifeand Figure 23. Similarly, plots for the
inherently safer solvent,-Bonanone, are shown in Figure 24 and Figure 25. It can be
seen that the conventional solvent, ethyl acetate, is better for separation but does not

perform well in terms of the safety amsure.
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Figure 20. Amount of acetic acid separated versus impact distance for 1 psi overpressure

98



0.11

Impact distance for 1 psi overpressure (mile:

0.09 -

0.07 -

0.05 -

0.03 -

0.01
0 10 20 30 40 50 60 70
Reboiler heat duty (Btu/hr) x Millions
+ 5-nonanone (1) ——diisobutyl ketone (2) o 2-methyl hexanal (3)
« ethyl acetate (4) —-- 1-octanal (5) a 5-methyl2-hexanone (6)
x 2-octanone (7)  eeeee 2-nonanone (8) - - -3-heptanone (9)
—o—1-hexanal (10) --- 2-ethyl hexanal (11)

Figure 21. Reboiler heat duty versus impact distance for 1 psi overpressure
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Figure 22. Ethyl acetate: Amount of acetic acid in extract phase

upon varying 2 parameters

Figure 23. Ethyl acetate: Distance to 1 psi overpressure upon

varying 2 parameters
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