
PART IIPART II
Evaluating and Improving g p g

Environmental Performance 
f h lof Chemical Processes



Overview

Evaluating the environmental impacts of 

processes and improving environmental 

performance of process designs are 

l t k i l i id i t fcomplex task involving a wide variety of 

analysis toolsanalysis tools.



Textbook Framework

1. Specify the product to be manufactured and evaluate potential1. Specify the product to be manufactured and evaluate potential
Environmental fate(Chap. 5), release, and exposure (Chap. 6).

2. Establish the input/output structure of the process, including p p p , g
chemical synthesis pathways and potential byproducts (Chap. 7).

3. Evaluate potential emissions and environmental impacts 
associated with the conceptual process (Chap. 8).

4. Specify the unit operations and process flows and identify 
pollution prevention opportunities (Chap. 9).

5. Examine flowsheet to identify environmental improvements and 
i i f d i i (Ch 10)opportunities for energy and mass integration(Chap. 10)

6. Evaluate environmental performance of detailed processes (Chap. 11)
7 E l t i t l t i t d ith th (Ch 12)7. Evaluate environmental costs associated with the process (Chap. 12).



CHAPTER 5CHAPTER 5
Evaluating Environmental Fate: g

Approach based on Chemical Structure



GoalGoal
By the end of this section you should:By the end of this section you should:

 Be aware of the chemical and physical properties that govern 

a chemical’s environmental partitioning and fatea chemical s environmental partitioning and fate

 Be able to estimate properties that govern 

environmental partitioning based on chemical structure

 Be able to estimate properties that govern p p g

environmental fate based on chemical structure

 be aware of the limitations of structure-property estimation methods



Outline:Outline:
I. Screening chemicals for environmental risk: an overviewg
II. Group contribution methods (structure activity relationships)

III. Properties that govern environmental partitioningp g p g
A. Boiling point
B. Vapor pressure
C. Octanol Water Partition Coefficient
D. Bioconcentration factor
E. Henry’s Law Coefficient
F. Soil sorption

IV. Properties that govern environmental fate
A. Atmospheric lifetimes
B. Biodegradation



5.1 Introduction
S i h i l f i t l i k iScreening chemicals for environmental risk: an overview

- Over 9000 chemicals are produced commercially.
- Every year, thousand or more new chemicals are developed

Questions regarding screening chemicals for 
environmental risk

1. Will its manufacture or use pose environmental & human risks ?
2 If there are risks what are the exposure pathways ?2. If there are risks, what are the exposure pathways ?
3. Will the chemicals degrade if it is released to environment ?

or will it persist ?
4. If the chemicals degraded, will the degradation products pose 

a risk to environmental ?



5.1 Introduction
Screening chemicals for environmental risk: an overview

PMN (P f t i N ti )PMN (Premanufacturing Notice)

Qualitative and quantitative methods for estimating risks whenQ q g
only information available is a chemical structure.

Many of these methods have been developed by the US EPA
and its contractors. The methods are routinely used in
evaluating premanufacturing notices (PMN) submitted under
the Toxic Substances Control Act (TSCA).

Under the provisions of TSCA, before a new chemical can be
manufactured in the USA a PMN MUST be submitted to themanufactured in the USA, a PMN MUST be submitted to the
US EPA.



5.1 Introduction
Screening chemicals for environmental risk: an overview

PMN (P f t i N ti )PMN (Premanufacturing Notice)

The PMN specifies the chemical to be manufactured, the
quantity to be manufactured, and any known environmental
impacts including potential releases from the manufacturing site.

Based on these limited data, the US EPA MUST assess whether
the manufacture or use of the proposed chemical may pose an

bl i k t h l i l h lthunreasonable risk to human or ecological health.

To accomplish that assessment a set of tool has been developedTo accomplish that assessment, a set of tool has been developed
that relate chem. structure to potential environ. risks.



i h h i lFig. 5.1-1 The chemical 
and physical properties that 
will influence each of  the 
processes that determineprocesses that determine 
environmental exposure 
and hazard  



Chemical Properties Needed 
t P f E i t l Ri k S ito Perform Environmental Risk Screenings



5.2 Chemical and Physical Property Estimation

Although many chemical and physical properties can influence 
the way in which a chemical partitions in the environment, 
most screening-level evaluations focus on only a small numbermost screening level evaluations focus on only a small number
of properties 

Property Describe Partitioning (between solid, liquid and gas phase) 

1 l i i b ili i1. melting point, boiling point, vapor pressure.
2. (Additional properties) Henry’s law constant, octanol-water 

partition coefficient, water solubility, soil sorption coefficient, 
and bio-concentration factors, etc. 



Group contribution methods 

SARs: Structure activity relationships
QSARs: Quantitative Structure activity relationships

A th t

QSARs: Quantitative Structure activity relationships

Assume that
molecule is made up of a collection of atoms or bonds

Assume that
For each bond or functional group,
the building block makes a well defined contribution to the property

Combine the group contributions in a fundamentally sound but 
empirically derived manner to estimate molecular propertiesp y p p



Table 5.2-1
Properties that influence environmental phase partitioning



Table 5.2-1
Properties that influence environmental phase partitioningp f p p g



Table 5.2-1
Properties that influence environmental phase partitioning



Table 5.2-1
Properties that influence environmental phase partitioning



Chemical and Physical Property Definitions

http://www.epa.gov/ttnmain1/fera/data/risk/vol_1/chapter_17.pdf



Chemical and Physical Property Definitions

http://www.epa.gov/ttnmain1/fera/data/risk/vol_1/chapter_17.pdf



Chemical and Physical Property Definitions

http://www.epa.gov/ttnmain1/fera/data/risk/vol_1/chapter_17.pdf



Boiling Point and Melting Point

1. Boiling Point
Joback-Reid GC formula (1987) and Stein-Brown, modified(1994)

 gnKT 2198)(  i
g

i
nK

b
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Tb : the normal boiling point @ 1 atm [K]
ni: the number of groups of type i in the molecules
g : the contribution of each group to the boiling pointgi: the contribution of each group to the boiling point

- Structural groups and group contributions (gi) for b p estimation areStructural groups and group contributions (gi) for b.p. estimation are  
in Table 5.2-2 and average error is 3.2 % over 4000 compounds.



bb Boiling Point and Melting Point
1. 1. b.pb.p.. ((JobackJoback--Reid GC formula (1987) and SteinReid GC formula (1987) and Stein--Brown, modified)Brown, modified)Boiling Point and Melting Point

2. Melting point

)(5839.0)( KTKT bm  )()( bm

Melting point is occasionally used in estimating the 
phase partitioning of solids.

Lyman, W.J., “Estimation of Physical Properties,” Environmental Exposure
F Ch i l l 1 N l W B d Bl G E d CRC PFrom Chemicals, volume 1, Neely, W.B. and Blau, G.E., eds. CRC Press
Boca Raton, FL 38-44 (1985)



Table 5 2-2Table 5.2 2

Structural groups & 
Carbon groups

g p
group contributions 
for boiling point 
estimation

(Stein & Brown 1994)(Stein & Brown, 1994)



Table 5.2-2

Structural groups & 
Nitrogen groups

group contributions 
for boiling point 
estimationestimation

(Stein & Brown 1994)(Stein & Brown, 1994)



Table 5 2-2Table 5.2 2

Structural groups & 
Oxygen groups   

g p
group contributions 
for boiling point 

i iestimation

(Stein & Brown 1994)(Stein & Brown, 1994)
Carboxyl groups  



Table 5 2-2Table 5.2 2

Structural groups & 
Halogen groups   

g p
group contributions 
for boiling point 

i iestimation

(Stein & Brown 1994)(Stein & Brown, 1994)

Sulfur groups   



Example problem 5.2-1

Estimate the normal boiling point for ethanol, toluene and acetaldehyde.

Solution

KKTb 9.33246.8822.2498.212.198)( 



KKT 6393)5328(5763098212198)( KKTb 6.393)53.28(576.3098.212.198)( 

KKTb 6.30338.8398.212.198)( 



Vapor Pressure

The vapor pressure of a chemical plays a significant role in its environmentalThe vapor pressure of a chemical plays a significant role in its environmental
partitioning. High vapor pressure materials will generally have higher atmospheric
concentrations than lower vapor pressure materials, and therefore, have the potential
to be transported over long distances as gases or inhaled as gases.

If a chemical’s vapor pressure varies significantly between daytime and nighttime
conditions, strong daily cycling of the chemical between environmental media can be

t d i d d ti il d tiexpected, assuming no degradation or soil adsorption.

Finally vapor pressures are used in a variety of ways in estimations of exposure andFinally, vapor pressures are used in a variety of ways in estimations of exposure and
environmental risk. Therefore, reliable estimates of vapor pressure, over a range of
temperature, will be important in screening chemicals for environmental risk.p , p g



Vapor Pressure

)/(ln CTBAP   t l b ili i t

Antoine Equation

(5 5)

Halogen groups   

)/(ln CTBAPVP   at normal boiling point (5-5)
PVP is the vapor pressure, A and C are empirical constants, B is a parameter 
that is related to the heat of vaporization and T is absolute temperature

)/(0)1ln( CTBAatm b  (5-6)

that is related to the heat of vaporization and T is absolute temperature.
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(5-7)

Empirical Parameter Correlations

  CTCTRT bb97.0 (5 7)

bTC 19.018

)ln75.8( bF TRKA 

(5-8)
(5-9))( bF

 Parameter KF are in Table 5.2-3 and 5.2-4 



Vapor Pressure

E ti (5 7) th h (5 9) k ll i ti tiEquation (5-7) through (5-9) work well in estimating vapor pressure 
that range from 10-2 to 1 atm, yielding average errors of 2.7%. The 
performance deteriorates at lower pressures, with average errors ofperformance deteriorates at lower pressures, with average errors of 
86% for vapor pressures ranging from 10-6 to 10-2 atmosphere.

2. For Solids

)1/(8.6)]/ln(803.0)1/(803.1)[ln4.4(ln  TTTTTTTP mbbb

(5 10)(5-10)
P =  the vapor pressure (atm)
Tb = the normal boiling point (K)b g
Tm = the melting point (K)



Table 5.2-3 Factors(KF) used in estimating boiling points



Table 5.2-4 Factors(KF) used in estimating boiling points for aromatics



Example problem 5.2-3
Estimate the vapor pressure at 298 K for toluene (a liquid) and naphthalene (a solid).

Solution



Octanol-Water Partition Coefficient, KOW

Octanol-Water Partition Coefficient
are used to characterize partitioning of a molecule between
aqueous phase, such as rivers and lakes, and
hydrophobic phases such as the organic fraction of sedimentshydrophobic phases, such as the organic fraction of sediments 
suspended in water bodies.

B K h i i i i b d iBecause Kow characterizes partitioning between aquous and organics, 
lipid-like phase, it is used to estimate a variety of toxicological and 
environmental fate parameters.environmental fate parameters.

Use of KOW
 gauge for the potential for bioaccumulation

(if a chemical is lipophilic, it can be stored in fatty tissue 
of fish and will bioaccumulate in animals that eat fish)of fish and will bioaccumulate in animals that eat fish)



Classification criteria for bioaccumulation

Table 5.2-5 



Octanol-Water Partition Coefficient, KOW

Group contribution methods have been developed for octanol-water
partition coefficients (Meylan and Howard, 1995)

log K = 0.229 + Σ ni fi (5-11)log Kow  0.229 + Σ ni fi (5 11)

where

log Kow is the base 10 logarithm of the chemical’s concentration in
octanol to the chemical’s concentration in water,

ni is the number of groups of type i in the molecule,

fi is the contribution of each group to the partition coefficient,fi is the contribution of each group to the partition coefficient,

and the summation is taken over all groups.

St t l d t ib ti (f ) f ti ti t l tStructural groups and group contributions (fi) for estimating octanol-water
partition coefficients are listed in Table 5.2-6.



Octanol-Water Partition Coefficient, KOW

Just as was done for boiling point, corrections are introduced to the
preliminary estimate. In this case corrections account for the unusual
behavior of selected functional groups. The equation for estimating the

d l f icorrected value of Kow is:

log Kow = 0.229 + Σ ni fi + Σ nj cj (5-12)

where nj is the number of groups of type j in the molecule, cj is the
correction factor for each group, and the summation is taken over all
groups that have correction factors. Structural groups and correction
factors (cj) are listed in Table 5.2-7.



Table 5.2-6Table 5. 6

Structural groups and 
group contributions (f )group contributions (fi) 
for estimating octanol-
water  partition 
coefficients, KOW

-Cl (olefinic attach)            0.4923



Table 5.2-7

Correction factors, 
c for estimatingcj,  for estimating 
octanol-water 
partitionpartition 
coefficient



Example 5.2-4p
Estimate the octanol-water partition coefficient for 1,1-dichloroethylene 
and the structure shown below (a herbicide).

Solution

11.2)4923.0(23836.05184.0229.0log owK

130owK



Structure of herbicideStructure of herbicide
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614004531207907121040820

9170.04664.0)7324.0(3)2940.0(74962.1)5473.0(3229.0log



owK

614.00453.12079.07121.04082.0 



Application of Kowpp ow

S Water
Solubility

BCF Bioconcentration
Factor

Kow

BCF

H

Factor

Henry’s LawH Henry s Law
Constant

Koc
Soil Sorption
Coefficientsoc



5.2.4  Bioconcentration Factor, BCF

One of the primary reasons for estimating the octanol-water partitionOne of the primary reasons for estimating the octanol water partition 
coefficient (KOW) is to assess the partitioning of a chemical between 
aqueous and lipid phases in living organismsaqueous and lipid phases in living organisms.

 BCF is defined as the ratio of a chemical’s concentration in the BCF is defined as the ratio of a chemical s concentration in the
tissue of an aquatic organism to its concentration in water (in L/kg)

 High BCF value indicate a living organism will extract a material 
from aqueous phase (ingested water or blood) and concentrate itfrom aqueous phase (ingested water or blood), and concentrate it
in lipid tissues (e.g., fats) : accumulate in fish



Bioconcentration Factor, BCF

Table 5.2-8 Classification criteria for bioaccumulation

i i iBioaccumulation potential

High Potential BCF > 1000High Potential BCF > 1000
Moderate Potential 1000 > BCF > 250
Low Potential 250 > BCF

Bioaccumulation potentialBioaccumulation potential

1000250
High PotentialLow Potential



Group Contribution Method for BCF 
(V ith d K i 1983)(Veith and Koisan, 1983)

Correlation between octanol-water partition coefficient (KOW) and BCF

40.0)(log79.0log  OWKBCF (5-13)

For Correction for nonionic compounds

 jOW jKBCF 70.0)(log77.0log (5-14) jOW jC 70.0)( og77.0og

jj : correction factor (Table 5.2-9)   



Bioconcentration Factor, BCF
(Veith and Koisan 1983)

Table  5.2-9 Correction factors for BCF of nonionic compounds

(Veith and Koisan, 1983)

b e 5. 9 Co ec o c o s o C o o o c co pou ds



Example 5.2-5
Estimate the bioconcentration factor for 2,2,4 trimethyl-1,3 pentanediol,
and 2 4’ 5 trichlorobiphenyland 2, 4 ,5 trichlorobiphenyl.
Solution

Log Kow = 0.229 + 4(0.5473) + 0.4911 + 0.2676 + 2(0.3614) + (-1.4086) =1.08

Log BCF = 0.79(1.49)-0.40 = 0.7771;   BCF = 5.99

Referring to table 5.2-8, it is evident that 2,2,4 trimethyl-1,3 pentanediol has 
low potential for bioaccumulation.



Example 5.2-5

Estimate the bioconcentration factor for 2 2 4 trimethyl-1 3Estimate the bioconcentration factor for 2,2,4 trimethyl 1,3 
pentanediol, and 2, 4’,5 trichlorobiphenyl.

Solution

Log Kow = 0.229 + 12(0.2940) + 3(0.6445) = 5.69

Log BCF = 0.77(5.69) – 0.70 + 0.62 = 4.30;   BCF = 20000

Referring to table 5 2-8 it is evident that 2 4’ 5 trichlorobiphenyl has aReferring to table 5.2 8, it is evident that 2, 4 ,5 trichlorobiphenyl has a 
very high potential for bioaccumulation.



5.2.5  Water Solubility, S

In assessing environmental transport and partitioning, it is often
necessary to predict maximum, or saturation, concentration.

In the gas phase, this is done by estimating vapor pressure. In
aqueous phases, saturation concentrations are estimated using

l biliwater solubility.

Water solubility can be estimate in many ways ActivityWater solubility can be estimate in many ways. Activity
coefficients, solubility parameters, and other chemical and
structural properties can be used as a basis for estimating waterstructural properties can be used as a basis for estimating water
solubility.



Water Solubility, S

For environmental applications, however, water solubility is mostFor environmental applications, however, water solubility is most
often estimated based on octanol-water partition coefficients. This
is not because KOW is the most accurate or reliable parameter forOW p
estimating water solubility. Rather, it is a matter of convenience.

KOW is used to estimate a wide variety of parameters in evaluating
environmental fate and risk. Therefore, KOW is generally available
in environmental assessments, which properties such as activity
coefficients are not frequently calculated in environmental

i discreening studies.



Classification criteria for water solubilityy

Water Solubility

Very soluble S > 10 000 ppmVery soluble S > 10,000 ppm
Soluble 1,000 < S < 10,000 ppm
Moderately soluble 100 < S <1,000 ppmy , pp
Slightly soluble 0.1  < S  < 100 ppm
Insoluble S  < 0.1 ppm

Water solubilityWater solubility

1000100.1 1 100 10,000
Very solubleInsoluble

,
SolubleModerate solubleSlightly soluble



GC method for Water Solubility, S GC method for Water Solubility, S (Meylan, 1996)(Meylan, 1996)Water Solubility, S
(Meylan et al 1996)

hTKS )25(01080l037413420l

(Meylan, et al. 1996)

 jmOW hTKS )25(0108.0log0374.1342.0log

hMWKS )(007280l85407960l

(5-15)

(5 16) jOW hMWKS )(00728.0log854.0796.0log (5-16)

 jmOW hMWTKS )(00314.0)25(0092.0log96.0693.0log
(5-17)

S = the water solubility [mol/L]
Kow = the octanol-water partition coefficient
Tm = the melting point [oC]
MW = the molecular weight
h th ti f t f h d th ti ihj = the correction factor for each group and the summation is 

taken over all groups that have correction factor



Water Solubility, S

- Correction factors are different for each equation

Mean error in the range of 0 3 to 0 4 log units- Mean error in the range of 0.3 to 0.4 log units

- Any of these three equations can be used, but, 

if more information is available for the correction, 

th ti t i tthe estimate is more accurate



Table 5.2-11  Correction factors for estimating water 
solubility



5.2.6  Henry’s Law Constant, H
(Meylan and Howard, 1991)

The Henry’s law constant

compound’s concentration in air
≡

compound’s concentration in watercompound s concentration in water 

ilib iat equilibrium.  



5.2.6  Henry’s Law Constant, H

C d’ ffi i f i

(Meylan and Howard, 1991)

- Compound’s affinity for air over water  
- High H  tend to partition into the air, 

Lo H into the ater- Low H into the water     

T bl 5 2 12 Cl ifi ti it i f l tilitTable 5.2-12 Classification criteria for volatility



5.2.6  Henry’s Law Constant, H

A group contribution method can also be used to estimated the value 

(Meylan and Howard, 1991)

g p
of the Henry’s Law constant. Group contribution method is structured 
differently from the previous methods. The structural elements are y p
bonds rather than functional groups. 

H H H One –CH3 groupH      H      H

H – C – C  – C – O – H

3
Two >CH2 groups
One primary –OH group

H      H      H
Seven C-H bonds
Two C-C bonds1-propanol
One C-O bond
One O-H bond

p p



Henry’s Law Constant, H



(Meylan and Howard, 1991)

  jjii cnhnH )coeffpartitionair/waterlog(log

H : dimensionless Henry’s law constant
hj : bond contribution to the air-water partition coefficient
nj : number of groups of type j in the molecule
cj : correction factor for each group (Table 5.2-13, 5.2-14 ) 

Mean error in log units range 
from 0.06 for alkanes and alkylbenzenes 
to 0.4 for halo-alkanesf



Table 5.2-13 Structural groups and group contributions 
for  estimating Henry’s law constant



Table 5.2-14  Correction factors for Henry’s law constants



Example 5.2-7

ff f 1Estimate the Henry’s law coefficient for 1-propanol.

Solution

711232318308551)11630(2)11970(7

)/log(log



 coeffpartitionwaterairH

7112.32318.30855.1)1163.0(2)1197.0(7 
Seven  C-H bonds             Two   C-C bonds     One  C-O bond    One O-H bond

Note that this is a dimensionless value (mol/m3 divide by 
mol/m3) To convert to units of atmospheres-m3/mol the dimensionless value shouldmol/m ). To convert to units of atmospheres-m /mol, the dimensionless value should 
be adjusted the ideal gas constant, and the temperature.



Converting Henry's Law Constants

k H ' l ffi i t ti l bilit (i h iti di id d b h iti )kH = Henry's law coefficients representing solubility (i.e. aqueous-phase composition divided by gas-phase composition) 
kH,inv = Henry's law coefficients representing volatility  (i.e. gas-phase composition divided by aqueous-phase composition)

www.henrys-law.org 



5.2.7 Soil Sorption Coefficient, KOCp , OC

Mass of a compound absorbed/unit weight of 
organic carbon in a soil (g/g organic carbon)

KOC=
organic carbon in a soil (g/g organic carbon)

the concentration of the compoundthe concentration of the compound 
in a liquid phase [g/ml]



5.2.7 Soil Sorption Coefficient, KOCp ,

Table 5.2-15 Classification criteria for soil sorption 



Soil Sorption Coefficient, KOC

(Lyman et al., 1990 )

366.1log544.0log  OWOC KK (5-19)

64.3log55.0log  SKOC
(5-20)

These eqs are restricted to quit specific classes of compounds.
Th il ti ff d ib th h i l d ti dThe soil sorption coeff. describes the physical adsorption and
chemical adsorption of a compound onto a surface. Therefore,
the coefficient depends not only on bulk properties, but also on
steric properties that influence the interaction of a molecule with
a surface.



Soil Sorption Coefficient, KOC

Simple correctionSimple correction

p ,
(Meylan et al., 1990 )

Simple correction Simple correction 

 PnK 62.053.0log 1 (5-21) jjOC PnK 62.053.0log 

fi t d l l ti it i d d ib d1

(5 21)

: first order molecular connectivity index as described 
in appendix 



b f f t j i th l lnj : number of groups of type j in the molecule
Pj : correction factor for each group

Mean errors of approximately 0.6 log units can be expected



Table 5.2-16  Correction factors for soil sorption coefficients



Table 5.2-16  Correction factors for soil sorption coefficients



Molecular ConnectivityMolecular Connectivity

The correlating variables, used in the equations described in this chapter,
were primarily bulk properties such as boiling point and octanol waterwere primarily bulk properties such as boiling point and octanol-water
partition coefficient. While these variables are adequate correlating
parameters for many properties, they will not be adequate for propertiesp y p p y q p p
that depend on molecular topology, such as soil sorption. In situations
where a description of molecular topology is required, a simple alternative
is to utilize the molecular connectivity (χ ).



The first order molecular connectivity (1χ)The first order molecular connectivity ( χ)

The concept of molecular connectivity initially appeared in the
pharmaceutical literature and a variety of molecular connectivity indices
have been used in predicting drug behavior (Kier and Hall 1986) This texthave been used in predicting drug behavior (Kier and Hall, 1986). This text
uses only the most basic of molecular connectivity indices – the simple first
order molecular connectivity (1χ ). The goal of this index is to characterize,y ( ) g
in a single scalar parameter, the degree of connectedness or the topology
of the molecule. A complete description of the rationale behind the
molecular connectivity is beyond the scope of this text. The interested
reader is referred to Kier and Hall (1986). Instead, the focus here will be on
the steps required to calculate 1χthe steps required to calculate χ .



Molecular ConnectivityMolecular Connectivity

The first step in calculating 1χ is to draw the bond structure of the molecule.
For example, isopentane would be drawn as:

CH3
|

H3C-CH-CH2-CH33 2 3

The next step is to count the number of bonds carbons to which each
carbon is attached (count any heteroatom as a carbon but ignore bonds tocarbon is attached (count any heteroatom as a carbon, but ignore bonds to
hydrogen). The assignments of this parameter, (δi, the connectedness of
carbon atom i) for each carbon in isopentane are given below.

(1)(1)
CH3
|

H3C-CH-CH2-CH33 2 3
(1) (3)    (2)    (1)



Molecular ConnectivityMolecular Connectivity

For each bond, identify the connectedness of the carbons connected by
the bond (δi, δj). For isopentane, these pairs are:

(1,3), (1,3), (3,2), (2,1)

The value of 1χ is calculated using the equation: 1χ = Σ (δi x δj)-0.5

For isopentane 1χ = (1/√3) + (1/√3) + (1/√6) + (1/√2) = 2 68For isopentane, 1χ = (1/√3) + (1/√3) + (1/√6) + (1/√2) = 2.68

Clearly, this calculation yields a simplistic characterization of complexy, y p p
structural features. Note that isopentene would yield exactly the same
value as isopentane, as would 1-chloro, 2 methyl propane. Nevertheless,
this simple characterization of molecular topology is often used asthis simple characterization of molecular topology is often used, as
described in Section 5.2, in developing property correlations.



Example
Estimate 1χ for 4 chloro anilineEstimate 1χ for 4-chloro-aniline.

SolutionSolution

NH2(2)
(2)

(3)
(1)

Cl(1)

(2)
(3) (2)

(2)

(1,3), (3,2), (2,2), (2,3), (3,1), (3,2), (2,2), (2,3)

√ √ √ √ √ √ √ √1χ = (1/√3) + (1/√6) + (1/√4) + (1/√6) + (1/√3) + (1/√6) + (1/√4) + (1/√6) = 3.787



Example problem 5.2-8
Estimate the soil sorption coefficient of 2-hexanol.p

Solution



SummarySummarySummarySummary

This section has examined methods for estimating
chemical and physical properties that influence phasechemical and physical properties that influence phase
partitioning in the environment. These methods will
serve as the basis for estimation of a broad range of
parameters that describe environmental persistence,
and environmental impacts. Therefore, any errors or
uncertainties associated with the estimates described inuncertainties associated with the estimates described in
this section are likely to propagate through the entire
environmental assessment.



Section 5.2: Questions for DiscussionSection 5.2: Questions for Discussion

1. How would you estimate properties for molecules that contain groups that 
are not explicitly represented in the group contribution methods (for p y p g p (
example, could you estimate the Henry’s law coefficient for the herbicide 
listed in Example 5.2-3)?

2. The methodologies presented in this chapter are only a small selection of 
the group contribution methods available for these properties. How would 
you select the most accurate estimation methods?you select the most accurate estimation methods?

3. Do the functional forms of the group contribution methods seem 
appropriate? For example is it reasonable to assume that a boiling pointappropriate? For example, is it reasonable to assume that a boiling point 
estimation method should be a simple linear function? Would this approach 
work equally well for carboxylic acids and dicarboxylic acids? Would it 
work equally well for alcohols and glycols?

4. Can you rationalize the values of the group contributions? For example, 
d i k h h h l i idoes it make sense that the –OH group has a large positive group 
contribution for boiling point?



5.3 Estimating Environmental Persistence
(S i tit ti i t l f ki l ti i t )

Estimating Atmospheric Lifetime

(Semi-quantitative screening tools for ranking relative persistence)

Estimating Atmospheric Lifetime

 h i l itt d t t h d id ti th h chemicals emitted to atmosphere undergo oxidation through a 
wide range of processes

 most important oxidation for organic compounds is the rate of 
i i h h h d l di lreaction with the hydroxyl radical 

(extremely reactive, abstract hydrogen from saturated organics)



5.3 Estimating Environmental Persistence
(S i tit ti i t l f ki l ti i t )

 Hydroxyl radical reactions are the semi-quantitative indicator

(Semi-quantitative screening tools for ranking relative persistence)

 Hydroxyl radical reactions are the semi quantitative indicator
of how long the compound will persist in the atmosphere

 Hydrogen abstraction from saturated organic compounds 
C H +OH•  CH CH CH + H O

•
-rA=1 2× 1012 cm3/molecule-secC3H8+OH•    CH3-CH-CH3 + H2O 

oxidized products

 H d l di l dditi t d bl b d

rA 1.2× 10 cm /molecule sec

 Hydroxyl radical addition to double bond
C3H6+OH •  CH3-CH-CH2OH

d d d

•
-rA=26× 1012 cm3/molecule-sec

oxidized products

 Hydroxyl radical addition to an aromatic ring
C H OH  C H OH

•
2× 1012 3/ l lC6H6+OH •  C6H6-OH

oxidized products

-rA=2× 1012 cm3/molecule-sec



Estimating Atmospheric Life time

1. Rate of Reaction with – OH

 These reactions (previous page) are first step in a series of
reactions lead to the oxidation of organics in the atmospherereactions lead to the oxidation of organics in the atmosphere

 The relative rate at which a hydroxyl radical reacts with a The relative rate at which a hydroxyl radical reacts with a 
compound is a semi-quantitative indicator of how long the 
compound will persist in the atmosphere.

 The rate of reactions are 1.2× 1012 , 26.0× 1012 and 2.0× 1012

cm3/molecule sec respectivelycm3/molecule-sec, respectively. 

 Rate of disappearance be in the ratio of 1.2 : 26 : 2  f pp f
( ratio of atmospheric lifetimes of 106 hrs : 5 hrs : 64 hrs ) 
(Ex 5.3-1)



Estimating Atmospheric Life time

So, one method of assessing atmospheric lifetimes is to estimate
rate of reaction with hydroxyl radical. Once again, group
contribution methods are a viable approach.

2. Group Contribution method
(T bl 5 3 1 3)(Tables 5.3-1~3)

A  molecule is divided into a collection of functional groups
and each group makes a defined contribution to the overall

t f tirate of reaction.

( Examples 5 3 1 5 3 2 5 3 3)( Examples 5.3-1, 5.3-2, 5.3-3) 



Table 5.3-1 Group contributions and substituent factors for 
hydrogen abstraction rate constants(Kwok and Atkinson, 1995)



Table 5.3-2 Group contributions to rate constants for hydroxyl 
radical additions to olefins and acetylenesradical additions to olefins and acetylenes



Table 5.3-3 Group contributions for rate constants for hydroxyl 
radical additions to (-C=C=C-)radical additions to (-C=C=C-)



Example 5.3-1

Using the rate of reaction of propene with the hydroxyl 
radical, estimate the atmospheric half-life of propylene.radical, estimate the atmospheric half life of propylene.

Solution:
The rate of reaction implies a rate of disappearance of propene:

(d[Cpropene]/dt) = k [OH•] [Cpropene ]

where [OH•] is the concentration of the hydroxyl radical and [Cpropene ] is the 
concentration of propene. Assuming that the concentration of hydroxyl radical is 
steady state - the pseudosteady-state assumption (see, for example, Fogler, 1995) –
leads to the following expression for the concentration of propene:

ln ([Cpropene]/[C0-propene ]) = -(k [OH•])t

where [C0 propene ] is the initial concentration of propene, (k [OH•]) is the rate [ 0-propene ] p p , ( [ ])
constant multiplied by the steady state concentration of propene and t is the time of 
reaction.



Since ([C ]/[C ]) = ½ when the concentration has reached oneSince ([Cpropene]/[C0-propene ]) = ½ when the concentration has reached one 
half of its original value, the half life is given by:

t = ln(2) / (k [OH•])t½ = ln(2) / (k [OH•])

Assuming a value of 1.5 x 106 molecules/cm3 for the concentration of the 
hydroxyl radical (while 1 5 x 106 molecules/cm3 is a typical valuehydroxyl radical (while 1.5 x 106 molecules/cm3 is a typical value –
summertime concentrations in Houston can reach 107 molecules/cm3 ) and a 
value of 26 x 10-12 cm3/molecule-sec for k:a ue o 6 0 c / o ecu e sec o

t½ = = ln(2) / (39 x 10-6 sec-1)

S h h lf lif f i h h iSo, the half life for propene is the atmosphere is:

t½ = 5.0 hr

Repeating this calculation for propane and benzene, with reaction rates of 
1.2 x 10-12 and 2.0 x 10-12 cm3/molecule-sec, leads to atmospheric half lives 
of 106 and 64 hours, respectively.



5.3.3. Estimating Lifetimes in Aqueous Environment

- Most important reaction is hydrolysis, 
which can be catalyzed by acids and bases 

- Hydrolysis rate can be estimated by structural analysis y y y y
based on linear free energy relationship.



5.3.3. Estimating Lifetimes in Aqueous Environment

Mill’s equation (1987)Mill s equation (1987)
log (hydrolysis rate) 

= log (hydrolysis rate of a reference compound) + Constant × 

log (hydrolysis rate ) = A + B 

: Hammet str ct ral parameter : Hammet structural parameter

 constants A and B are must be determined individual class of 
t treactants

- A : depends on the reference reaction chosen
B : depends on rate on structural feature- B : depends on rate on structural feature



Estimating Overall Biodegradability
(rate at which compounds are metabolized by living organisms basically difficult to assess)

Due to the scarcity of related data group contribution is not available to date

(rate at which compounds are metabolized by living organisms, basically difficult to assess)

- Due to the scarcity of  related data, group contribution is not available to date.

- Model by Boethling (1994) provides biodegradation index (I): 
h h bi bi d d i h d k h lwhether aerobic biodegradation occurs over hours, days, weeks months, or longer

I = 3.199 + a1f1 + a2f2 + . . . . + an fn + amMW               (5-23)

I : indicator of the aerobic biodegradation rate
fn : number of groups of type n in the moleculen g p yp
an : contribution of group n to degradation rate (table 5.3-4)
a : -0 00221am : 0.00221



Estimating Overall Biodegradability
(rate at which compounds are metabolized by living organisms basically difficult to assess)

R l i ki f h bi d d bili

(rate at which compounds are metabolized by living organisms, basically difficult to assess)

Relative ranking of the biodegradability     

5 : degrade over hours;   
4 : lifetime of days;4 : lifetime of days; 
3 : weeks
2 : months
1 : longer than months1 : longer than months



Table 5.3-4
Group contributions to ultimate aerobic biodegradation index, Boethling (1994)



Example 5.3-4
th bi d d ti i d f 1 l d di h l ththe biodegradation index for 1-propanol and diphenyl ether.

SolutionSolution

a) 1-propanol has a molecular weight of 60 and contains an aliphatic -OH. a) p opa o as a o ecu a e g o 60 a d co a s a a p a c O
Its biodegradation index is:

I = 3.199 + 0.160 – 0.00221(60) = 3.22

This implies a lifetime of weeks.

b) diphenyl ether has a molecular weight of 170 and contains an aromatic 
ether and two mono-aromatic rings. Its biodegradation index is:g g

I = 3.199 + 2(0.022) – 0.058 – 0.00221(170) = 2.81

This implies a lifetime of weeks; literature data indicate a lifetime ofThis implies a lifetime of weeks; literature data indicate a lifetime of 
months.



5.4 Estimating Ecosystem Risks
(http://www epa gov )

Structure activity relationships may also be used to assess ecosystem
d h h l h i i h d h d d

(http://www.epa.gov  )

and human health impacts. In assessing ecosystem hazard, the standard
practice is to estimate toxicity for a variety of species.

Mortality of guppy (fish) by octanol-water partition coefficient

Log (1/LC50) = 0.871 log Kow – 4.87 (5-24)

LC50 : concentration that is lethal to 50% of the population of a
14-day exposure (expressed in mol/L)14 day exposure (expressed in mol/L)

This equation was developed using data from a variety of
chlorobenzenes chlorotoluenes chloroalkanes diethyl ether acetonechlorobenzenes, chlorotoluenes, chloroalkanes, diethyl ether, acetone
(Konemann, 1981)



5.4 Estimating Ecosystem Risks
(http://www epa gov )(http://www.epa.gov  )

Other equations are specific to certain compound classes

(Ex) correlations for acrylates are(Ex) correlations for acrylates are

Log (LC50) = 0 00886 – 0 51136 log KOW (5-25)Log (LC50)  0.00886 0.51136 log KOW
(daphnids, mortality after 48 hrs exposure)

(5 25)

Log (LC50) = -1.46 – 0.18 log KOW
(fi h t lit ft 96 h )

(5-26)

(fish, mortality after 96 hrs exposure) 

LC [ illi l /L]LC50 =[milli-moles/L]



Example 5 4-1Example 5.4-1

C d t th fi h d d h id t liti f l tCompared to the fish, guppy and daphnid mortalities for an acrylate 
with log Kow = 1.28 (e.g. methyl methacylate).

Solution:

The concentration yielding 50% mortality are:

Guppy (14 day) 5690 mmol/L
Daphnids (48 hour) 0.226 mmol/L = 226 mmol/L
Fish (96 hour) 0.020 mmol/L = 20 mmol/L



5.4 Estimating Ecosystem Risks
(http://www epa gov )

Daphnids
물벼룩

(http://www.epa.gov  )

물벼룩



5.4 Estimating Ecosystem Risks
(http://www epa gov )

guppy (fish)

(http://www.epa.gov  )



5.4 Estimating Ecosystem Risks
(http://www epa gov )

guppy (NASA, NAVY)

(http://www.epa.gov  )



5.5 Estimating Environmental Fate and Exposure

H th ti b l d t ti t titi i d f tHow those properties can be employed to estimate partitioning and fate

Examples 5.5-1~5.5-4.

Ex. 5.5-1. Calculate atmospheric chemical concentration
(d d i i t i i t d lif ti )(depends on emission rate, mixing rate, and lifetime)

Ex. 5.5-2. Calculate initial partitioning of a chemical in water, 
sediment and biota

Ex. 5.5-3. Calculate volatilization from river

Ex. 5.5-4. Chemical concentration in drinking water



Ex. 5.5-1. Calculate atmospheric chemical concentration
(depends on emission rate mixing rate and lifetime)

Propylene is emitted at a rate of 10 ton/yr into an airshed that

(depends on emission rate, mixing rate, and lifetime)

Propylene is emitted at a rate of 10 ton/yr into an airshed that
has a volume of 104 km3. Assume that the airshed has a
residence time of one day and is well mixed Calculate theresidence time of one day and is well mixed. Calculate the
steady state concentration of propylene(CC3H6,SS), accounting
f h i l ti C l l t i h l ti ffor chemical reaction. Calculate an inhalation exposure for an
adult, assuming an inhalation rate of 20 l/min.

air·shed: n. 한 지역의 대기(大氣);(지역별로 구분한) 대기 분수계



Ex. 5.5-1. Calculate atmospheric chemical concentration
Solution:

In Out Disappearance due to reaction = 0In – Out –Disappearance due to reaction = 0

In = 104 kg/yr = 7.5x10-3 gmol/s (MW=42)
Out = flow rate x steady stateOut = flow rate x steady state

= 104 km3/day x CC3H6,SS = 1.16 x 1014 cm3/s x CC3H6,SS
Disappearance due to reaction = volume x rate

= 104 km3 x 26 x 10-12 cm3/molecule-sec
(d[Cpropene]/dt) = k [OH•] [Cpropene ]

10 km x 26 x 10 cm /molecule sec
x 1.5 x 106 molecule/cm3 x CC3H6,SS

= 1019 cm3 x 39 x 10-6/s x CC3H6,SS
CC3H6 SS = 1.5 x 10-17 moles/cm3CC3H6,SS 5 0 o es/c

Assuming 1 mole = 22,400 cm3 @ambient conditions
C 3 3 10 33 l l / l i 3 3 tCC3H6,SS = 3.3 x 10-33 moles propylene/mole air = 3.3 ppt

The exposure assuming an inhalation rate of 20 L/min is:The exposure, assuming an inhalation rate of 20 L/min is:
Exposure = 20,000 cm3/min x 1.5 x 10-17 mole/cm3

= 30x10-14 moles/min = 6.6 x10-6g/yr



Calculating exposure through drinking 
contaminated surface water

Assume that a chemical is released to a river upstream of the

contaminated surface water

Assume that a chemical is released to a river upstream of the
intake to a public drinking water treatment plant. To evaluate
the exposure we would need to determine

What fraction of the chemical was

 adsorbed by river sediments?
 volatilized to the atmosphere?
 taken up by living organisms?
 biodegraded or was lost through other reaction?
 removed by the treatment processes

in the public water system?



Partitioning of Malathiong



Information for Exposure Estimating

 S il ti ffi i t Soil sorption coefficient

 Vapor pressurep p

Water solubility

 Bioconcentration factor

 Bi d d bilit Biodegradability

 River flow rate

 Surface area

 Sediment concentration



Ex. 5.5-2  Estimate the initial partitioning of the chemical 
in the water, sediment, and biota

Assume that a chemical, with a molecular weight of 150, is

in the water, sediment, and biota

, g ,
released at a rate of 300kg/day to a river, 100 km upstream of
the intake to a public water system. Estimate the initialp y
partitioning of the chemical in the water, sediment, and biota.

Data
Water solubility: 100 ppmWater solubility: 100 ppm
Soil sorption coefficient: 10,000
Organic solids concentration in suspended solids : 15 ppmOrganic solids concentration in suspended solids : 15 ppm
River flow rate: 500 million liters per day
Bioconcentration factor: 100 000Bioconcentration factor: 100,000
Biota loading : 100g per 1000 cubic meter



Ex. 5.5-2  Estimate the initial partitioning of the chemical 
in the water, sediment, and biota

Solution

in the water, sediment, and biota

The ratio of concentration in water, sediment, and biota will be
approximately

1 : 10,000 : 100,000

Based on the river flow rate, the total flow rates of water, sediment, and
biota are:biota are:
Water = 500 million L/day x 1 kg/L = 500 million kg/day
Sediment = 500 million L/day x 15kg sediment/million kg water (15ppm)

= 7500 kg sediment/day
Biota = 500 million L/day x 0.1 kg biota/million kg water

50k bi t /d= 50kg biota/day



Ex. 5.5-2  Estimate the initial partitioning of the chemical 
in the water, sediment, and biota

Solution
Performing a mass balance:

in the water, sediment, and biota

Performing a mass balance:

300 kg/day = 500 million kg water/day (Cwater)
+ 7500 kg sediment/day (10,000 Cwater)
+ 50 kg biota/day (100,000 Cwater)

where (Cwater ) is the chemical concentration in the water phase:

C i 0 5 10 6 k h i l/k 0 5Cwater is = 0.5 x 10-6 kg chemical/kg water = 0.5 ppm

This is well below the solubility of 100 ppm. The ratio of the mean iny pp
water, sediment, and biota is:

500,000,000 : 75,000,000 : 5,000,000 (86 : 13 : 1)
Th lth h th t ti h hi h i th bi t d thThus, although the concentrations are much higher in the biota and the
sediment, more than 80% of the mass remains in the water phase.



Ex. 5.5-3  Is volatilization from the river 
likely to be significant?

For the discharge described in Example 5.5-2, calculate the

likely to be significant?

For the discharge described in Example 5.5 2, calculate the
equilibrium partial pressure of the chemical above the river at
the discharge point Is volatilization from the river likely to bethe discharge point. Is volatilization from the river likely to be
significant?

Data
V 10 1 HVapor pressure: 10-1 mmHg
River flow rate: 500 million liters per day
Ri l it 0 5 /River velocity: 0.5 m/sec
River width: 30m



Ex. 5.5-3  Is volatilization from the river 
likely to be significant?

Solution
Assuming ideal behavior and the concentration determined in Example

likely to be significant?

Assuming ideal behavior and the concentration determined in Example
5.5-2, the equilibrium vapor pressure should be:

h i llh i l6 1811050 

atmmmHg

mmHg
watermole
g

g
chemicalmole

waterg
chemicalg

129

1
6

100.8106.0

10
1

18
150

1105.0










To determine if the loss rate is significant, assume that a volume 10m
above the river reached this concentration for the length of the river to theabove t e ve eac ed t s co ce t at o o t e e gt o t e ve to t e
public water system inlet (a total volume of 100,000 x 10 x 30 m3).
Nothing that 1 gram-mole of air at standard conditions occupies 22.4
litliters:

ggchemicalmolesairmolem 61150100.811030
12

36 





g
moleairmolem

m 6.1
0224.0

1030 3 



Ex. 5.5-3  Is volatilization from the river 
likely to be significant?

Solution

likely to be significant?

This is the mass required to saturate the atmosphere to a height of 10 m
b th i f th 100 k l th f th i C thi t thabove the river for the 100 km length of the river. Compare this to the

total discharge rate of 300 kg/day, and it is clear that volatilization will be
negligible.g g



Ex. 5.5-4  
what would be the concentration in drinking water?

For the discharge described in Example 5.5-2 and 5.5-3,

what would be the concentration in drinking water? 

For the discharge described in Example 5.5 2 and 5.5 3,
estimate what fraction of the initial discharge might still be in
the water at the public water intake If the treatment efficiencythe water at the public water intake. If the treatment efficiency
of this chemical in the water treatment plant is 95%, what

ld b th t ti i d i ki t ?would be the concentration in drinking water?

DData
Biodegradation half life: 300 hours



Ex. 5.5-4  Is volatilization from the river 
likely to be significant?likely to be significant?

Solution

Based on a river velocity of 0.5 m/sec and a travel distance of 100 km, the
travel time is 2.3 days. If the half life is 300 hours, the disappearance rate
constant is (see Example 5 3 1):constant is (see Example 5.3.-1):

k
t 2lnhours3002/1 

k

This can be used to calculate the ratio of final to initial concentration:

2l2l][C

][

hours55
hours300
2ln

hours300
2ln

][
][ln

0


C

t
C
C

88.0
][
][

0


C
C

The concentration entering the treatment plant is 0.88 x 0.5 ppm. The
concentration in the drinking water is 0.05 x 0.88 x 0.5ppm = 20 ppb.



5.6 Classifying Environmental Risks
Based on Chemical Structure

Criteria in risk-based evaluation

Based on Chemical Structure

 persistence (need to consider atmospheric half-lives, 
biodegradation half-lives) 

bi l i bioaccumulation
 toxicity (eco-toxicity measures. human toxicity measures)

There is no single evaluation methodology that is universally 
accepted for evaluating the environmental hazards of   
chemicalschemicals

(Ex) Table 5.6-1
classifications will group chemicals into categories of highclassifications will group chemicals into categories of high, 
moderate and low concern using values established by 
EPA TSCA (Toxic Substances Control Act)EPA TSCA (Toxic Substances Control Act)



Table 5.6-1 Classification criteria for persistence and bioaccumulation



Neutral Organics

Esters

Acid

AminesPhenols

Aldehydes

Aminese o s

Fig. 5.6-1 Distributions of measures of eco-toxicity for several thousand compounds



Homework #5Homework #5

Problems

5-1. 5 .
5-4. 

Due date: April 21, 2011p ,



Midterm Examination

D t A il 18 2011 (M )Date: April 18, 2011 (Mon)
Time: 9:30-11:30 amTime: 9:30 11:30 am
Place: 302-720
Open book, notebook, 
Take a calculator


