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Acid Deposition(f& i *% )
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Acid Deposition(fs i *% )
o Sulfur dioxide and nitrogen dioxide emissions

react with water vapor in the atmosphere and
form acids that return to the surface as either

dry or wet deposition.
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-~ sulfuric acid (H,SO,) “Wet acid deposition-. -
nitric acid (HNO;) _{,.—fﬂ’“”"'(/droplets of H,S0,, HNO;;
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and snow)
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Acid Deposition(f& i *% )
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Acid Deposition(f& i *% )
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2008 Anthropogenic Emissions of SO, and NO,
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Changes in Anthropogenic Emissions of SO,
between 2005 and 2010
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Figure 3. Change in regional distribution of anthropogenic land
based SO, emissions. Changes indicated as a difference between
2010 and 2005 emissions in 0.5° x 0.5° grids.




Concentration and Deposition Fluxes of S and N
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History of Acid Deposition

1200s. Coal used in lime kilns and forges produces sulfur and
nitrogen oxides that result in sulfuric and nitric acid deposition.

1750s. Expanded use of the steam engine at the beginning of the
Industrial Revolution increases sulfuric and nitric acid
deposition.

1783. French Academy of Sciences offers a prize to a person who
finds the most efficient and economical method to produce soda
ash Na,CO;(aq), which along with animal fat, is used to make
soap.

1789. Nicolas LeBlanc develops two-step soda ash process.
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The Rise of Alkali Factories

Soda ash + Animal fat = Soap
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L.eBlanc Process

High
temperature
2NaCl(s) + H,SO4(aq) —» Na,SOy(aq) + 2HCI(g)
Sodium Sulfuric Sodium  Hydrochloric
chloride (salt)  acid sulfate acid
High
temperature
NaySOg4(ag) + 2C + CaCOs3(s) — Na,CO3(aq) + CaS(s) + 2CO,(g)
Sodium  Carbon  Calcium Sodium Calcium  Carbon
sulfate from  carbonate carbonate sulfide  dioxide

charcoal from chalk
(10.1) - (10.2)

Sulfuric acid produced by burning sulfur and saltpeter in water
7S(s)+6KNO;(s)+4H,0(aq) --> 3K,S(s)+6NO(g)+4H,SO,(aq)



Byproducts of Leblanc Process

2 NaCl 2 HCI
HCIl(g)
evaporated H,SO,(g) H;S0, Na,SO, 2 CO,
NO(g), which produces HNO,(g) >‘<
Soot (C) 2C Na,S Cas
CO,(g)

CaCO;, Na,CO,

--> widespread acid deposition due mostly to HCI(g)
CaS(s), yellow-gray powder, forms hydrogen sulfide and gypsum

CaS(s) + H,O(aq) --> CaO(s) + H,S(g)
CaS(s) + O,(g) + 3H,0(aq) —> CaS0,-2H,0(s) + H,(2)

Piles of gypsum (galligu) still exist near old soda-ash factories.
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The Rise of Alkali Factories

R of [.eBlanc Process




History of Acid Deposition

1791. LeBlanc patents technique
1793. Loses patent to the state during French Revolution
1806. LeBlanc commits suicide

1838. Liverpool landowner files complaint against an alkali
factory: destroyed crops and interfered with hunting.

Early 1860s. William Gossage, who built alkali factory in
1830, develops scrubber for HCI(g) by converting a
windmill into a tower, filling tower with brushwood, and
letting water drip down the brush as smoke rose from
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History of Acid Deposition

1861. Ernst Solvay (1838-1922) develops another way to
form soda ash, but it replaces Leblanc process only by
1880s.

1863. Due to devastation from Alkali factories and
Gossage’s scrubber, the 1863 Alkali Act passes in the
U.K.

France. Regulation takes the form of planning laws
controlling location of alkali factories.

1866, 1868. Inventions allow chlorine to be recycled for
bleaching powder.

= 1881. U.K. Alkali Act is modified since signifmmd*
of other chemicals from alkali factories still occurs.



Solvay Process

1861. Solvay rains a salt made of sodium chloride and
ammonium down a tower over an upcurrent of CO,(g). Only
inputs: limestone, salt. Only byproduct: calcium chloride.

Production of carbon dioxide
CaCOj4(s) + heat --> CaO(s) + CO,(g)

Production of sodium bicarbonate
NaCl(s)+NH;(g)+CO,(g)+H,0(aq)-->NaHCO,(aq)+NH,CI(s)

Production of sodium carbonate, recycling of carbon dioxide
2NaHCO;(aq) + heat --> Na,CO;(aq) + H,0O(aq) + CO,(g)

Recycling of ammonia
2NH,Cl(s) + CaO(s) --> 2NH;(g) + CaCl,(s) + H,0(aq)



Robert Angus Smith (1817-13884)

The first British Alkali Act
Inspector,

also publishing a book entitled
“Air and Rain: The beginning of
a Chemical Climatology,”

in which the term of “acid rain”
was introduced.

Library and Information Centre, Royal Society of Chemistry



Acidity

Measure of the concentration of hydrogen 1ons (H") in solution

pH = -log,,[H"]

[H"] = molarity (M, moles of H" per liter of solution)

Higher [H"] --> lower pH --> more acidic solution

(10.3)



Acidity
In dilute water, the only source of H" 1s

HZO(aq) ~— H* + OH"
Liquid  Hydrogen Hydroxide
water on lon

[H*][OH] = 10-14 M2 --> [H*]=[OH-]=10"7 M

-->pH =-log,,[10-’"M] =7

(10.4)



Acid/Base

Acid
Substance that, when added to a solution, dissociates,
increasing [H'], decreasing pH

Strong acid: Substances that dissociate readily
(e.g., H,SO,, HCI, HNO,)

Weak acids: Substances that dissociate less readily
(e.g., H,CO,)

Base (alkalis)
Substances that, when added to a solution, reduce [H'],
increasing pH. (e.g., NH;(aq), Ca(OH),(aq))



pH Scale

pH O 1 2

Natural
rainwater
Acid (5-5.6)
rain, fog |
(2-5.6)
3 4 5 6

Sea
water
(7.8-8.3)

9 10 11 12 13 14

A AM MA A AA
Battery Lemon | Apples Distilled Ammon_ium Lye
acid juice (3.1) water hydroxide NaOH (aq)
(1.0) (2.2 (7.0) NH4OH(aq) (13.0)

Vinegar Milk Baking (111) Slaked lime
CH3COOH(aq) (6.6) soda Ca(OH)(aq)
(2.8) NaHCO;(aq) (12.4)
8.2
< >
More acidic More basic or alkaline

Figure 10.3



Acid Dissociation

Addition of acid to solution increases [H'], decreasing pH

Carbonic acid

COy(aq) + HO0(ag) —= HyCOs(aq) —= H" + HCO3" === 2H" + CO5”
Dissolved  Liquid Dissolved Hydrogen Bicarbonate Hydrogen Carbonate
carbon dioxide water carbonic acid ion ion ion ion

Sulfuric acid
H,S04(g) — H2SO04(80) <= H* + HSO, === 2H* + SO,%

Sulfuric Dissolved Hydrogen Bisulfate Hydrogen Sulfate
acid gas sulfuric acid ion ion ion ion

(10.5) - (10.6)



Acid Dissociation

Hydrochloric acid

HClI(g) === HCl(ag) === H* + CI

Hydrochloric Dissolved Hy(_vlrogen Ch_loride
acid gas hydrochloric acid lon on

Nitric acid

HNOg(g) HNOg(aCI) - H + NO3
Nitric Dissolved Hydrogen Nitrate
acid gas nitric acid on Ion

(10.7) - (10.8)



S(IV) and S(VI) Families

S(IV) Family

Sulfur dioxide

SO,(g,aq)

Sulfurous acid

H,505(aq)

Bisulfite 1on

HSO,

Sulfite 1on
SO,*

S(VI) Family

Sulfuric acid
H,S0,(g,aq)

Bisulfate 1on
HSO,

Sulfate 10on
SO,*

Table 10.1



Mechanisms of Converting
S(IV) to S(VI)

Why is converting to S(VI) important?
It allows sulfuric acid to enter or form within cloud
drops and aerosol particles, increasing their acidity

Mechanisms
1. Gas-phase oxidation of SO,(g) to H,SO,(g) followed
by condensation of H,SO (aq)

2. Dissolution of SO,(g) into liquid water to form

H,S0O;(aq) and its dissociation products, which convert
chemically to H,SO,(aq) and its dissociation products.

'——wv—



Gas-Phase Oxidation of S(I1V) to
S(VI)

+OH@, M . ]C_)Z(g) + H,0(q)

SO,(g) —» HSO;3(g) '7 SO3(g) — = HyS04(0)

Sulfur Bisulfite ’
dioxide HO(9)

Sulfur Sulfuric
trioxide acid

(10.9)



Aqueous-Phase Oxidation of S(1V)

Step 1. S(IV) dissolution and dissociation

SO;(g) =< SOy(aq)
Sulfur Dissolved
dioxide sulfur
gas dioxide

SO,(aq) + H0(ag) === H,S03(aq) === H" + HSO3” === 2H* + SOy

Dissolved Liquid Sulfurous Hydrogen Bisulfite  Hydrogen Sulfite
sulfur  water acid lon lon lon lon
dioxide

(10.10) - (10.11)



Aqueous-Phase Oxidation of S(1V)

Step 2. S(IV) oxidation by hydrogen peroxide in solution

H803_+ Hzoz(aQ) +Ht —>» 8042_"' Hzo(aCI) + 2H°

Bisulfite Dissolved Sulfate
lon Hydrogen lon
peroxide

Alternate Step 2. S(IV) oxidation by ozone 1n solution
SO3% + Og(aq) —¥ SO+ 0,(aq)

Sulfite Dissolved Sulfate Dissolved
ion ozone on oxygen

(10.12) - (10.13)



Production of Nitric Acid Gas

. . M
OH(g) + NOy(g) —» HNO;(g.

Hydroxyl Nitrogen Nitric
radical dioxide acid

(10.14)



Effects of Acid Deposition
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Effects of Acid Deposition

Lakes and streams
Lake pH decreased 1 pH unit between the 1950s and 1960s
in Scandinavia. 25,000 out of 90,000 lakes in Sweden were
acidified i the 1970s. 17,000 of these were due to
anthropogenic pollution.

Fish and microorganisms are sensitive to pH.

Plants
Acids damage trees at their roots and erodes cuticle wax.

Acidified water carries away minerals.

Acids release metals AP, Fe’™ from the minerals
Al(OH),(s), Fe(OH);(s). Metals are toxic to roots.



Effects of Acid Deposition

» Declining Aquatic
Animal Populations
— Aluminum toxicity

* Thin-shelled eggs

prevent bird
reproduction
— Calcium 1s unavailable
In acidic soll
* Forest decline

— (right) Black Forest In
Germany




Acid Deposition and Forest Decline

Acid deposition,
ozone, and other pollutants
B b o Jo

v >
V3 ~—

Increased susceptibility
to environmental
. Damage to Reduced stressors—drought,
leaves and ) photosynthesis <) extreme cold, insects,
and growth disease organisms,
heavy metals, and
air pollution

B

Soil =» Damage to soil D

—

7 acidification "9 fungi that aid
‘ ‘ in root uptake

Impaired water
and nutrient
uptake

’
7

Cell membrane
damage

Soil nutrients leach,
toxic minerals released ‘

AT R Wy
b
{

Depletion of
soil calcium

-

Threat to
forest
ecosystem
health
and
stability
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Neutralizing Acids

Add ammonium hydroxide to a lake

NH,OH(ag) + H* =<=— NH,® + H,0O(aq
Ammonium Hydrogen Ammonium Liquid
hydroxide on lon water

Add slaked lime to a lake

Ca(OH),(aq) + 2H* == Ca?' + 2H,0(aq
Calcium  Hydrogen Calcium Liquid
hydroxide lon lon water

Calcium carbonate is a natural neutralizing agent in soil
CaCO4(s) + 2H* === Ca?* + CO,(g) + H,O(aq

Calcium Hydrogen Calcium Carbon  Liquid
carbonate Tolg Tolg dioxide water

gas
(10.15) - (10.17)



Liming of a Lake in Sweden

Tero Niemi / Naturbild




Neutralizing Acids

Sea salt 1s a natural neutralizing agent near the coast
NaCl(s) + H* === Na" + HCI(9g)

Sodium Hydrogen Sodium Hydrochloric
chloride on lon acid

Ammonia 1s a neutralizing agent

NHs(ag) + HY =< NH,*
Dissolved Hydrogen ~ Ammonium
ammonia lon lon

(10.19) - (10.20)



U. S. 2) 1994
Rainwater

b) 2009

U.S. National Atmospheric Deposition Program/National Trends Network



Effects of Acid Deposition

Materials
The addition of sulfuric acid to marble or limestone
produces gypsum, which forms a crust that creates pits
when rain loosens the crust.

Crusting of marble and limestone
CaCO4(s) + 2HY === Ca?* + CO,(g) + H,O(aq
Calcium Hydrogen Calcium Carbon  Liquid

carbonate on lon  dioxide water
gas
Ca?t + SO,% + 2H,0(aq) ===  CaS04-2H,0(s)
Calcium Sulfate Liquid Calcium sulfate
lon lon water dihydrate (gypsum)

(10.17) - (10.18)



Sandstone Figure in 1908 and
1968, Westphalia, Germany

Herr Schmidt-Thomsen



Recent Regulation of Acid Deposition

1970. U.S. Clean Air Act Amendments
1977. U.S. National Atmospheric Deposition Program

1979. Geneva Convention on Long-Range Transboundary
Air Pollution

1985. Sulfur Protocol (Helsinki, EC, 30% reduction)
1988. Nitrogen Oxide Protocol

1990. U.S. Clean Air Act Amendments

€Co u




Methods of Controlling Emission

 Control of sulfur dioxide:
— Change to low-sulfur fuel

— Desulfurization before combustion, such
as coal washing

— Flue-gas desulfurization(#t & 3 fr 2 i),
such as wet scrubber and dry scrubber



Flue-Gas Desulfurization (FGD)

Cleaned gas to stack Limestone spray
CaCOs3 + H20

& o &

Flue gas

Cleaned

Sejlel

; gas to stack
SO2
Liquid sprays 4
e
Alkaline (lime L + H20
Flue gas or limestone)
with SO2 powder and
water in a
Sl Synthetic @ Thickening Waste
5 gypsum OO o ad @ % fly ash
dewaterin .
Waste (fly ash) (CaeOT2HOY o A ewateri gA o 6 s

(CaSO,#2H,0) b




Controlling Air Pollution

« Control of nitrogen oxides:
— R L
« > & B F Z # (Excess Air Combustion)
o = Bz E(Two Stage Combustion)
« ¥ ¥ A% (FGR)
o WRIE L 22 2z 2 (Low NOx Burner)
— K A
o« FH M 2P ER R K % (SNCR)
o E YR R K # (SCR)



Politics of Acid Deposition

 Acid deposition Is so hard to combat Is that it
does not occur only in the locations where the
gases that cause It are emitted.

* It is entirely possible for sulfur and nitrogen
oxides released in one spot to return to the
ground hundreds of kilometers from their
sources.

» Cap-and-trade(3L & & #1822 % 4| &)
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