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Common Physical Characteristics of Gases

/= gl =7

. SRR - Gases have much lower densities
than liquids and solids (~2 g/L vs. 2 g/mL).

FABen] DLERYE © Gases are the most
compressible of the states of matter.

AAET DI AER - Gases will mix evenly and
completely when confined to the same container.

AHE Rz 5917 © Gases assumes the
volume and shape of their containers.
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The Gas Laws

T B ESE A AEAYP (pressure) ~ V(volume) »
T(temperature) ~ n(moles or amount) < IUIE M-S
Boyle’s Law: The pressure-volume relationship

Charles’s Law: The temperature-volume
relationship

Gay-Lussac’s Law: The temperature-pressure
relationship

Combined Gas Law

Avogadro’s Law: The volume-amount
relationship

The Ideal Gas Equation
Henry’s Law
Raoult’'s Law




Boyle’s Law(} DL H. &)

» Boyle’s Law: the pressure of a fixed amount of gas
maintained at constant temperature is inversely

proportional to the vqume of the gas.

© EERAEE MR - HAGTH LR I 2 S EERf A -
« PO1/V (at constant n and T)

Increasing or decreasing the volume of a gas
at a constant temperature
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' Boyle's
i Law
Volume decreases Volume increases ===
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T (Pressure increases) ¢ °/ _': (Pressure decreases) S

Boyle s Law
(nRT) < DRTis constant

Boyle’s Law

At constant temperature, for a fixed amount of gas:
+ PxV =Kk, k is a constant

* PxVy = PyxV,

« Vo=V, x(Py/Py)




Charles’s Law(ZH /%)

» Charles’s Law: the volume of a fixed amount of gas
maintained at constant pressure is proportional to
the absolute temperature of the gas.

- TEREEERT » HAERBEURERZ EERREG -
« VOT (at constant n and P)

Heating or cooling a gas at constant pressure
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Charles’s Law(# 5 £ 12)

At constant pressure, for a fixed amount of gas:
— V =kxT or V/T =k, k is a constant




Gay-Lussac’s Law(%5 = [iE 7o 2 13)

» Gay-Lussac’s Law: the pressure of a fixed amount
of gas maintained at constant volume is proportional
to the absolute temperature of the gas.

- EERAEEERER - HERJEDRE M 2 ELLR% -
« POT (at constant n and V)

Heating or cooling a gas at constant volume
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' Lower temperature 1 Higher temperature T

?ﬁ (Pressure decreases) % (Pressure increases) ?m;

Gay-Lussac’s Law(4z =i T E 1)
At constant pressure, for a fixed amount of gas:
— P =kxT or P/T =k, k is a constant




Combined Gas Law(ii& R EEEE)

« Combined Gas Law: For a fixed amount of gas,
Boyle’s Law, Charles’s Law, and Gay-Lussac'’s
Law can be combined in the following form:

« PxV =KkxT or (PxV)/T =k, kis a constant

o (PyxVy)/Ty= (PoxVy)/T,

Avogadro’s Law(Z5 1k E15)

« Avogadro’s Law: At constant pressure and
temperature, the volume of a gas is directly
proportional to the number of moles of the gas

presented.
« EERER T » RASHEEEHEREL -
« V [On (at constant P and T)

Dependence of volume on amount
of gas at constant temperature and pressure
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Avogadro’s Law




Avogadro’s Law(ti /IR E )

« At constant pressure and temperature:
— V = kxn, k is a constant

Ideal Gas Law(FEAER B EER)

Boyle’s Law:
—V O 1/P (at constant n and T)

Charles’s Law:
—V OT (at constant n and P)

Avogadro’s Law:
—V O n (at constant P and T)

Combine the above expressions, we get

— V.0 (nxT)/P
——




Ideal Gas Law

« V=R x((nxT)/P), Risthe universal gas
constant

* [dealgaslaw: PxV=nxRxT

e R =0.082 Leatmemol-1eK-1

R with different units

8.31451 J K7 mol™
8.20578 x 10% L atm K mol™
8.31451 x 10°% L bar K" mol
8.31451 Pa m?® K™ mol?
62.364 L Torr K mol
1.98722 cal K" mol™

Ideal Gas Law

PxV=nxRxT

* ldeal gas law describes the relationship
among the four variable (P, V, T, and n) of
ideal gas.

» The molecules of an ideal gas do not
attract or repel one another, and their
volume is negligible.

——



Example 5.5 Sulfur hexafluoride (SFe) is a colorless, odorless, very unreactive gas.
Calculate the pressure (in atm) exerted by 1.82 moles of the gasin a steel vessel of
volume 5.43 L at 69.5°C.

Reasoning and Solution This problem provides information about the number of
moles, volume, and temperature of a gas, but no change in any of the quantities occurs.
Therefore, to calculate the pressure we can use the ideal gas equation, which can be
rearranged to give

nRT
da
_ (1.82 mol)(0.0821 L - atm/K - mol)(69.5 + 273) K
- 543 L
= 9.42 atm

Ideal Gas Law

« Standard temperature and pressure (STP): 0°C (or
273 K) and 1 atm

« At STP, 1 mole of any gas has a volume of 22.4 L.

Example 5.6 Calculate the volume (in liters) occupied by 7.40 g of NH; at STP.

Reasoning and Solution Recognizing that 1 mole of an ideal gas occupies 22.41 L at
STP, we write

1 molNH3 - 2241 L

V = 7.40 g NH3 x
37 17.03gNH; ~ 1 molNH;

=9741L




Ideal Gas Law
* (PyxV)/(nyxTy)= (Pax Vy)/ (ny xTy)

Example 5.7 A small bubble rises from the bottom of a lake, where the temperature
=nc pressure are 8°C and 6.4 atm, to the water's surface, where the temperature is 25°C
=nd pressure is 1.0 atm. Calculate the final volume (in mL) of the bubble if its initial
wolume was 2.1 mL.

Reasoning and Solution Note that this problem involves the change of temperature,
oressure, and volume, but not the number of moles of a gas. Thus we can use Equation
5 .8) to calculate the final volume. We start by writing

Initial conditions Final conditions

P, = 6.4 atm P, = 1.0 atm

Vi=21mi Vo=1

Ty =8+ 273)K= 281K T, = (25 + 273) K = 298 K

The amount of the gas in the bubble remains constant, so that n; = n,. To calculate the
“nal volume, V,, we rearrange Equation (5.8) as follows:
B B
Vo=Vi X —=X—=
. =0
6.4 atm _ 298 K

L g Pdam
21 mL X ot 281K

=14mL

Thus, the bubble’s volume increases from 2.1 mL to 14 mL because of the decrease in
water pressure and the increase in temperature.

Henry’s Law(=#1]E )

« Henry’s Law: At constant temperature, the mass of
any gas that will dissolve in a given volume of a liquid
is directly proportional to the pressure that the gas
exerts above the liquid.

BT o A S AP (R S LR A
TR EE T Y SRS 70 BRRIELE o gremmesrrem

1bar
)
o

gas

liquid

° Pgas = KH)(Ceq or Ceq = K,HXPgas
- whe_r_e Egas is partial pressure of the gas above liquid in
equilibrium,
_is the equilibrium concentration of gas dissolved in liquid

- Ky (or K'y) is the Henry’s law constant for gasi‘l‘_
temperature; varies with temperature




EXAMPLE 2-13  The concentration of carbon dioxide in water at 20°C is 1.00 x 10~ M. The Henry’s constant for

carbon dioxide dissolution in water is 3.91 x 10~> M atm™" at 20°C. What is the partial pressure
of CO» in the air?

Solution  With Henry’s law given in units of molar per atmosphere (M - atm~!), we must write the propor-
tionality equation as

CCOZ = K[/-IPCO;
or

Cco.
Pco, = ——Kéz
Thus,

(1.00 x 107° M)

= 95510 amn
391 x 102 M - atm™!

Pco, =

If a solute is non- volatlle the vapor pressure of |ts
solution is always less that that of the pure solvent.

Raoult’s Law: The partial pressure of a solvent over a
solution (P,) is given by the vapor pressure of the pure
solvent (P°) times the mole fraction of the solvent in
the solution (X)).

L ) SR R ELFCRFEHYBR (5, « FEIRISHAO e
AR ffE’sz‘%ﬁZﬁFH > AHH 2%3#@%@33!3%‘?
R I SR RN S B RIS
P, = X;xP°
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Atmospheric Radiation

« Radiation is the emission or propagation of
energy in the form of a photon or an
electromagnetic wave.

« Radiation is emitted by all bodies in the
universe that have a temperature above
absolute zero (0 K =-273.15 "C).

» A blackbody is a body that absorbs all radiation
incident upon it.

Atmospheric Radiation

» Almost all the energy balance for the earth is
determined by solar heating. Additionally,
many reactions are influenced by solar
energy.

 C=Axv, where C is the speed of light
(3x108 m/s), A is wavelength, v is frequency.

« Energy of a photon = E = h xv =h x (C/A),
where h is Planck’s constant = 6.6x1034 J-s

 Radiation with shorter wavelength (or higher
frequency) has higher energy.

——

12



Radiation Spectrum

0.4 pm
violet

[<Microwaves—>

<— Radar—>
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waves

« Gamma radiation: 108 to 10 um; X radiation: 10
to 102 um; Ultraviolet (UV): 0.01 to 0.40 um; Visible
light: 0.40 to 0.75 um; Infrared (IR): 0.75 to 1000 pm.

« UV-A:0.32 10 0.40 um; UV-B;: 0.28 t0 0.32um; UV-C:
0.10 to 0.28 pm. %

Typical Wavelengths, Frequencies, Wave
numbers, and Energies of Various Regions
of the Electromagnetic Spectrum

Typical Wavelength Typical Range Typical Range - Typical Range
. or Range of Wavelengths of Frequencies v of Wavenumbers o of Energies
Name (nm) ™ (em™" (kJ cinstein™")*

Radiowave ~10%-10" ~3 x 10° -3 x 10° 107-0.1 ~1072-107*
Microwave ~107-10° ~3 x10° -3 x 10" 0.1-1 ~1072-107?
Far infrared ~10%-107 ~3 % 103 x 10" 1-100 ~1072]
Near infrared ~10*-1¢° ~3 % 10'%-3 x 10% 10%-10¢ s~ l0?
Visible :
Red 700 4.3 x 10" 1.4 x 10° 1.7 x 108
Orange ' 620 48 x 10" ’ 1.6 x 10° T15x 10
Yellow 580 5.2 x 10" COLTx0 2.1 x 10*
Green 530 5.7 x 10" 19 x 1¢¢ 2.3 x 16
Blue 470 6.4 % 10" 2.1 x 10 2.5 % 10°
Violet. 420 7.1 x o 24 x 10 2.8 x 14?
Near ultraviolet 400-200 (7.5-15.0) x 10" (2.5-5) x 10" < (3.0-6.0) X 17
Vacuum ultraviolet ~200-50 (1.5-6.0) x 10" (5-20) x 10° ~(6.0-24) x 107
X ray ~50-0.1 ~(0.6-300) x 0% (0.2-100) x 10* ~10°-10°
+ ray <01 -3x 10" 210° > 100

“For keal ¢instein™’, divide by 4.184 (1 cal = 4.184 J).




Wavelength and Energy of
Typical Atmospheric Radiation

Typical Wavelength or Range Typical Range of
Name of Wavelengths, nm Energies, kJ mol !

Visible
Red 700 170
Orange 620 190
Yellow 580 210
Green 530 230
Blue 470 250
Violet 420 280

Near ultraviolet 400-200 300600

Vacuum ultraviolet 200-50 600-2400

*Compare with bond energies of molecules, e.g.:

—In the ozone molecule, the O—0O, bond energy is
about 105°kJ mol™

—In NO,, the O—NO bond energy is about 300 kJ mol' -

Wien’s Displacement Law

» Wien's displacement law: The wavelength of
peak intensity of emission of a blackbody is
inversely proportional to the absolute
temperature of the body.

o FRAGHYIR S BT AR AN R ARE S AR B i RHYIN
2 [E 2R LR

infrared

Intensity 7 (arb. units)

2.0
Wavelenath L (um}
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Wien’s Displacement Law

* Aax = 2897/T, where A, is the wavelength of
peak blackbody emission (in um), T is the
absolute temperature of the body (in K).

Example 2.1 5
Calculate the peak wavelength of blackbody |
radiative emission for both the sun and the Earth.

Solution

| The effective temperature of the sun’s photo-
sphere is 5,785 K. Thus, from Equation 2.1, the |
peak wavelength of the sun’s emissions is about |
0.5 wm. The average surface temperature of the |
Earth is 288 K, giving the Earth a peak emission
wavelength of about 10 pm.

Emission Spectra of the Sun and Earth

P
-
™

Sun
5785 K

Visible

—_—
-}
[}

Ultraviglet 288 K Infrare

Earth

.
<
[\

0.01 0.1 1 10
Wavelength (Jum)

[E—
<
N

Radiation intensity (W m? um'l)
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Total Radiation from a Blackbody

« Stefan-Boltzmann Law: E = o x T4, where
E is the radiation intensity (W/m?), o is the
Stefan-Boltzmann constant (5.67x108
Wem-=2¢K4), T is the absolute temperature
of the blackbody (K).

Total Radiation from a Blackbody
)

Example 2.2

How does doubling the Kelvin temperature of a
blackbody change the intensity of radiative emis-
sion of the body? What is the ratio of intensity
of the sun's radiation compared with that of the
Earth's?

Solution

From Equation 2.2, the doubling of the Kelvin
temperature of a body increases its intensity of
radiative emission by a factor of 16. The temper-
ature of the sun’s photosphere (5,785 K) is about
twenty times that of the Earth (288 K). Assuming
both are blackbodies (e = 1), the intensity of the
sun’s radiation (63.5 million W m=2?) is 163,000
times that of the Earth’s (390 W m~2). )

16



Absorptlon of Radiation by Gases
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Energy curve for blackbody at 6000° K
Solar irradiance curve outside atmosphere .
Solar irradiance curve at sea level for a zenith angle of 0°

Solar flux (W m=2nm™1)

o
Visible | Infrared
o IR A R |
(o] 200 400 600 800 1000 1600 2000

Wavelength (nm) .

The most significant absorbing gases in the atmosphere are
O,, O3, H,0, and CO..

Absorption by O, and Oj is responsible for removal of
practically all the incident radiation with wavelengths shorter
than 290 nm.

H,O and CO, absorb much of the long-wave radiation.

However, atmospheric‘absorptioniis not strong fram%
about 800 nm, forming a “window” in the spectrum.

Chemistry

17



Chemical Reactions

» Gas-phase chemical reactions are
conveniently divided into

— Photolysis reactions
» Unimolecular
* Initiated when solar radiation strikes a molecule and
breaks it down into two or more products
— Chemical kinetic reactions
» Usually bimolecular

* Including thermal decomposition, isomerization, and
standard collision reactions

|

Chemical Reactions

Unimolecular photolysis reaction (1.1)
NO, (g) + hv —> NO(g) ++O(g) A < 420 e
Nitrogen Nitric ~ Atomic
dioxide oxide  oxygen

Bimolecular thermal decomposition reaction (1.2)
N>Os (g) +M —> NO;y(g) + NO3 (g) +M

Dinitrogen Nitrogen Nitrate
pentoxide dioxide  radical
-- also written as \j Remain itself (1.3)
N2Os(g) = NO, (g) + NOs(g)
Dinitrogen Nitrogen  Nitrate
pentoxide dioxide  radical

Isomerization reaction: no change in composition  (1.4)

H P
N\ o* M H .
—0o” —0 M: any molecule, O, or N,
/ /
H H—O*
Excited Criegee Excited formic

biradical acid




Chemical Reactions

Bimolecular collision reaction (1.5)

CHy(g) + OH(g) —» CHj;(g) + Hy0(g
Methane Hydroxyl Methyl ~ Water
radical radical ~ vapor

Reversible termolecular combination reaction (1.6)

NO, (9) + NO3 (@) +M == N,05(2) +V

Nitrogen  Nitrate Dinitrogen
dioxide radical pentoxide

Derived from a pair of bimolecular reactions

A+B<=>AB* AB*+M<=>AB+M

Organic Chemistry

The organic chemistry can be regarded as the
chemistry of compounds of the element carbon.

All organic compounds contain carbon atoms,
and with a few exceptions, hydrogen atoms.
Oxygen, nitrogen, the halogens, sulfur,
phosphorous, silicon and a few other elements
may be present.

All organic compounds can be thought of as
derived from hydrocarbons.

Hydrocarbons contain bonds.

——

19



Structures of Organic
Compounds

Alkane Alkene Cycloalkene Hemiterpene
Ethane Ethene Cyclopentene Isoprene
CHe(2) CoHy(2) CsHg(2) CsHg(2)
H H H. H H CH
H /58
|| Ne= —
H—C—C—H /C_< HZR/K\CH V% Q
I H H / H, CH,
H H H,C—CH,
Aromatic Alcohol Aldehyde Ketone
Toluene Methanol Formaldehyde Acetone
CgHsCH3(g) CH30H(g) HCHO(g) CH;3COCHj3(g)
CH H 0] H O H
: | _H N/ Lo
H—C—0 H™Q H— (= C—(—H
H H H H

F22 HBEREOHSE
. e U2 5N
(a) Alkanes (paraffins) B () w4 (CH,.) B (n) it (CH....)
1 FikE (Methane) CH, 9 T (Nonane) CH,,
G, H2n+2 2 ZFE (Ethane) GHe 10 %&b¢ (Decane) CioHx
ex.CH methane 3 Pkt (Propane) CiHs 11— (Undecane) CH,
o) H4 CH h 4 TH% (Butane)  CeHlio 12 -t (Dodecane ) Cialye
3" 3 ethane 5 JX%¢E (Pentane ) Ll 13 =t (Tridecane) CoHl
CH3_CH2-CH3 propane j CFE (Hexane) ?E" 20 =5 (Icosane) g’“g“
etz 7ty 21 el : by
CH3‘CH2‘CH2-CH3 n-butane 2 BefE (Heptane ) CH, W %% (Henicosane ) -

Cycloalkanes ; %

CnHZn
Cyclopropane

Cyclobutane

Cyclopentane

20



Alkyl radicals: R ; f5e5

CH,4 methyl
CH;CH, ethyl
CH,CH, CH, n-propyl
CH; CH, CH, CH, n-butyl

(b) Alkenes (olefins) ; %

CnHZn

ex CH,= CH, ethene(ethylene)
CH3;CH= CH, propene(propylene)
CH3;CH,CH=CH, 1-butene
CH;CH= CHCH;  2-butene

(c) Alkynes ; Jot
CnH2n»2

Y@ HC = CH Y )

(d) Aromatics : 5K

ex. benzene ; 7

BTEX (Benzene, Toluene, Ethylbenzene, and
Xylene) are the most soluble of the major gasoline
compounds and, therefore, are common indicators
of gasoline contamination.

Toluene Ethylbezene

EEEIE CH, ZJAZ‘IE CECHs
el [

Orthoxylene Metaxylene Paraxylene

M _HIE ] 7 o=l CH
O Ol
CHj




(e) Aldehydes (one or more oxygen atoms) ; i
O
ex. HCHO formaldehyde fi
CH; CHO acetaldehyde RSO NS

(f) ketones ; fid
it

Compounds

CH3 C CH,
Acetone

(e) Alcohol ; i
R-O-H

H—C — o+ Methyl alcohol (methanol)

Ethyl alcohol (ethanol)

(9) Ether ; fiit
R-O-R
CHL;OCH; dimethyl ether — FAik - fife B ik

(h) Carboxylic acid ; ¥£/#%
O
i
R ~C—oH

HCOOH formic acid

|
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Functional Groups

alcohol
43
ether

.

Definitions
Non-methane hydrocarbons (NMHCs): all the
hydrocarbons, except methane.

Oxygenated hydrocarbons: when oxygenated
functional groups are added to hydrocarbons.

Reactive organic gases (ROGs): NMHCs plus
oxygenated hydrocarbons.

Total organic gases: ROGs plus methane.

Volatile organic compounds (VOCs): organic
compounds with low boiling points that, therefore,
readily evaporate.

Carbonyls (#ix5: - C=0): aldehydes plus ketones.
Non-methane organic carbon (NMOC): NMHCs
plus carbonyls.

23



Residence time (physical) or
Lifetime (chemical)

Atmospheric

I p
1| Chemical ('Iuimir.’lt |

| production  p el

Ta

- b .
X
inflow Fy, | loutflow Fy,
I E D |
I |

Emission Deposition

Figure 3-1 One-box model for an atmospheric species X

At steady-state, the residence time (1) of X in the box is defined
as the average time that a molecule of X remains in the box.

In the atmosphere, 1 is the amount of X in the atmosphere
divided by the rate at which X is removed from the
atmosphere.

Exercise 2.2. Ammonia (NH;), nitrous oxide (N,O) and methane
(CH,) comprise 1 x 107, 3 x 10, and 7 x 10°% by mass of the
Earth’s atmosphere, respectively. If the effluxes of these chemicals
from the atmosphere are 5 x 10", 1 x 10'°, and 4 x 10" kga™, respec-
tively, what are the residence times of NH;, N,O, and CH, in the
atmosphere? (Mass of the Earth’s atmosphere = 5 x 10'%kg.)

Solution. From Eq. (2.4) the residence time is given by

M
et
where M is the quantity of chemical in the atmosphere, and F the
efflux. For NH;,

Ll
100

and F=5 x 10'"kga™, therefore, twy, = 0.01a = 4 days. For N,O,

= {3u107) i
M——l—oo—x(leo ) kg

and F=1 x 10'"kga™, therefore, 7,0 = 150a. For CH,,

(7x1075)(5 x 10%¥) g
100

M=

(5x10'8) kg

and F =4 x 10" kga™, therefore, 7cy, = 9a.

24



Residence time (physical) or
Lifetime (chemical)

If the rate of loss of a chemical is
proportional to its amount present:
d[C]/dt = -kx[C], where [C] is the
concentration of the chemical, t is time,
k is a reaction rate constant.

[C]; = [C]yxe™, where [C], is the initial
concentration, [C]; is the concentration &

at time t.
Residence time T = M/F = [C]/(-d[C/dlt) il

= [C)/(kx[C]) = 1/k
Residence time is independent of the
initial concentration of'the chemieal.

Overall Chemical Lifetime

» The overall chemical lifetime of a species is
determined by calculating the lifetime of the species
against loss due to each individual chemical reaction
or other loss process that it is involved in.

25



Table 2.1. Residence times of some atmospheric gases®
(in many cases only very rough estimates are possible)

Gas Residence Time
Nitrogen (N,) 1.6x107a
Helium (He) 10°a
Oxygen (0O,) 3,000-10,000a
Carbon dioxide (CO,) 34a
Nitrous oxide (N,O) 150a
Methane (CH,) 9a
CFC-12 (CF,Cl,) >80a
CFC-11 (CFCl;) ~80a
Hydrogen (H,) 4-8a
Methyl chloride (CH;Cl) 2-3a
Carbonyl sulfide (COS) ~2a
Ozone (O3) 100 days
Carbon disulfide (CS,) 40 days
Carbon monoxide (CO) ~60 days
Water vapor” ~10 days
Formaldehyde (CH,O) 5-10 days
Sulfur dioxide (SO,) 1 day
Ammonia + Ammonium (NH; + NH}) 2-10 days
Nitrogen dioxide (NO,) 0.5-2 days
Nitrogen oxide (NO) 0.5-2 days
Hydrogen chloride (HCI) 4 days
Hydrogen sulfide (H.S) 1-5 days
Hydrogen peroxide (H,0O,) 1 day
Dimethyl sulfide (CH;SCHs) 0.7 days

“The residence time (or lifetime) is defined as the amount of the chemical in
the atmosphere divided by the rate at which the chemical is removed from
the atmosphere. This time scale characterizes the rate of adjustment of the
atmospheric concentration of the chemical if the emission rate is changed
suddenly.

The residence time of liquid water in clouds is ~6h.

Time Scales of Atmospheric Transport

Typical time scales for global horizontal transport in the troposphere

PEL top .
(1-3km)

swurface

26



Residence Time and Spatiotemporal
Variability of Chemicals

Units of Concentration of
Atmospheric Composition

Sl prefixes

Factor Factor  Name
10! 107! deci
10?
10°
10°
10°
1012
1013
1018
102!
1024

1072 centi
1073 milli
10°° micro
107° nano

1012 pico

10713 femto

10°# atto

1072 zepto

< N mlew 4 a0 2 7 =

107 yocto

27



Units of Concentration of
Atmospheric Composition

» Need units for chemicals in gas
phase, liquid phase and solid phase.

Units of Concentration of
Atmospheric Composition

* For gas phase:
— Mixing ratio
— Partial pressure
— Number density
— Mass concentration

28



Units of Concentration: Gas Phase

Mixing ratio (C,): defined as the number of
moles of X per mole of air. Remains constant
when pressure, temperature or air density
changes.

* %

« ppm(v) — parts per million

* ppb(v) — parts per billion

* ppt(v) — parts per trillion

* (v) means by volume

to express the number of pollutants in a
million (10°)

billion (10°)
trillion (1012) molecules of air -

Volume mixing ratio
Gas (percent) (ppmv)
Nitrogen (N,) 78.08 780,800
Oxygen (O,) 20.95 209,500
Argon (Ar) 0.93 9,300
Necon (Ne) 0.0015 15
Helium (He) 0.0005 5
Krypton (Kr) 0.0001 1
Xenon (Xe) 0.000005 0.05




Gas Phase

Partial pressure (P,): defined as the pressure
that would be exerted by the molecules of X if
all the other gases were removed from the
mixture of gases.

» The partial pressure and mixing ratio of a
gas X are related by Dalton’s law:

« P, = C,xP, where P is the total atmospheric
pressure

|

Units of Concentration: Gas Phase

Number density (n,): defined as the number of
molecules of X per unit volume of air. Commonly
expressed in units of molecules cm-3.

» For example, global average concentration of
OH radical is ~5x10° molecules cm-3

* At STP (1 atm and 0°C), the volume of 1 mole
of air is 22.4 L = 22400 cm?3. 1 mole of air has
6.02x1023 molecules.

* Number density of air (n,) at STP =
(6.02x1023)/22400 = 2.69%10" moleculesicm=y

30



Gas Phase

The number density and mixing ratio of a gas
X are related by the number density of air:

n, = C,xn,

At any pressure and temperature:

n, = (A,xn)/V and n = PV/RT, where A, is
Avogadro’s number

O n,=AP/RT
Therefore, n, = C,x(A,P/RT)

We can see from the above equation that n, is
not conserved when P or T changes.

|

Gas Phase

Mass concentration (p,): defined as the
mass of gas X per unit volume of air.
Commonly expressed in units of mg m3,
ug m3, or ng m3,

The mass concentration and number
density of a gas X are related by the
molecular weight of X (M,, g/mol):

Py = (nx/Av)xMx

|
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Units of Concentration: Solution

» Molarity: defined as the number of moles of the
solute in 1 L of the solution (mol L1, or M).

» Mixing ratio by weight: such as ppm, ppb, or
ppt

* Mass concentration: defined as the mass of
the solute in 1 L of the solution, such as mg L
or ug L

|

Units of Concentration: Solid Phase

Commonly expressed in units of mass
concentration, such as mg m= or uyg m-=3.

TSP (Total suspended particulates) ~ 60 ug m-3

32



ple: - HEZE Gk

— P A s
) (o) (ouam ) (aiezm ) (mm )

S

® &F

s
A BREEERER

& WEEKERRE

* FETRE

* gy 2snm: 2020/03/26 09:00 C

© BIERNANN - MEAT - MRRE - GHRY  EHRUTARRET RS TEGREAT | MR
LR

LSS T bl L)

g [wsﬂﬁ -

g

£
® ol
iy
PM,
lug/m’)
R

[}
(oo
2%
co
epm)
=R
50.(peo)
it
NO. (o)
|k

BHEs

IERE

BHFS

PERE

BhREBETY

ERE

SNRERE

ERE

e

R

S

HLEH

[MEEER
[E2

AREARE

FEERR |
" =
19
@
T4
AW,
153
L&} &
T e
& & e
¥ 2 (] %
e
v L]
]
CLET
MR EEEEEET
| EFRERATER

33



