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In this exercise, you determine the buffering effects of three different types of
bedrock, track the direction of wind patterns, and locate major pollutant
sources to determine where acid deposition forms, where it falls, and where it
may affect aquatic habitats. You may also test water samples you collect locally
to determine their sensitivity to acid deposition.

Objectives Upon completion of this exercise, you should be able to

« Explain how acid deposition forms and write the chemical equations that
describe its formation.

o Predict where acid deposition will occur in the United States and Canada,
where it will be neutralized, and where it may acidify surface water.

e Test the pH of solutions using the appropriate type of pH paper.

« Interpret data displayed on maps-

Discussion Despite significant reductions in air pollutant emissions, acid deposition
remains a threat to human-made structures, aquatic organisms, forests, and
human health. In this activity, you examine the causes and effects of acid

deposition.

What Is Acid Deposition!

Acid deposition is acidic (pH<5.0) and acid-forming substances that fall t
earth. These materials may be wet, such as rain, SDOW, and fog, or dry, such as
particles of sulfate and nitrate salts. )

How Does Acid Deposition Form!

Acid deposition forms when sulfur dioxide and nitrogen oxides (nitrogen
monoxide, nitrogen dioxide, and dinitrogen monoxide) gases are released into
the atmosphere. These gases react with oxygen and water in the atmosphere
to form sulfuric and nitric acids and sulfate and nitrate salts.

2S0,(g) + 0O,(g — 2503(2)
SO5(g) + H,00 — H,504(aq)
H,S04(aq) + 2H,00) - S04~ (ag) +2H307 (ag)

1

NO, NO,, N70@ + 020+ H,0() - HNO3(a9)
HNO;(ag) + H,00 = NO3~(aq) + H40 T (ad)

Many naturai events, such as volcanic eruptions, forest fires, hot springs, and
natural geysers, produce sulfur dioxide and nitrogen oxide gases. Fluman
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activity makes a significant contribution. In fact, anthropogenic (human-
made) levels of sulfur in the atmosphere almost equal the amount formed
naturally, and anthropogenic levels of nitrogen oxides in the atmosphere do
equal natural levels. The major sources of anthropogenic sulfur dioxide are
coal-burning electric utilities and industrial plants, whereas the major sources
of anthropogenic nitrogen oxides are coal-burning electric utilities and motor
vehicles.

The Hydrologic Cycle

As snow or rain falls, carbon dioxide present in the atmosphere dissolves in
the water and reacts to form carbonic acid, H,CO3, a weak acid.

COZ(g) + HzO(l) —> H2C03(LICI)
For this reason, unpolluted rainwater is acidic, with a pH value of 5.0 to 5.6.

When precipitation reaches the ground, it runs off into surface water or
infiltrates the soil. The water that infiltrates the soil percolates through
permeable rock and into groundwater. Both surface water and groundwater
proceed to the sea. Water returns to the atmosphere when surface water
evaporates and plants transpire. :

What Are the Effects of Acid Deposition?

Acid deposition affects trees, human-made structures, and surface water. Acid
damages tree leaves, impairing a tree’s ability to photosynthesize, and damages
bark, leaving the tree vulnerable to insects and disease. Trees at high
elevations are especially susceptible because cloud vapor can be 10 to 100
times more acidic than acid rain and can bathe trees in acid for days at a time.
As water evaporates from the acid drops on the plant, the acidity increases to
corrosive levels. The acid removes the leaves’ coating and burns the leaves,
leaving brown spots. Acid also leaches nutrients, such as calcium and
magnesium, from the soil, depriving already weakened trees of essential
minerals. Acid also releases toxic aluminum ions from the soil which can
damage plant roots.

Many ancient statues and buildings are made of two different forms of calcium
carbonate (CaCO3)—marble and limestone. Marble and limestone react with
acid deposition to form calcium sulfate, carbon dioxide, and water.

CaCO3(5) 303 H2804(aQ) —> CaSO4(s) s COZ(g) =+ HzO(l)

Calcium sulfate binds soot and dust so that objects affected by acid deposition
turn black and must be cleaned to retain their original appearance. In
addition, calcium sulfate dissolves readily in water. If the affected object is
exposed to wet acid deposition or even to pure water, it simply dissolves. The
Parthenon, Taj Mahal, and Colosseum all show signs of erosion. It is estimated
that 20% of this type of erosion is due to acid deposition.

Acid deposition also affects manufactured materials. Acid deposition corrodes

metals and damages paints and coatings meant to protect items from rust. For

example, some automobile manufacturers now use acid-resistant paints. These
paints add $5 to each vehicle for a total cost of $61 million per year for all new
cars and trucks sold in the United States. Black spots appear occasionally on
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the Statue of Liberty, presumably due to acid deposition that dissolves the
green patina to reveal weathered copper. Although many such items may be
restored, maintenance cOSts MONey:

Perhaps the best-known effect of acid deposition is the acidification of surface
water. In 1980, the US Environmental Protection Agency conducted a
National Surface Water Survey to determine how many lakes and streams
suffered from chronic acidity and what percentage of these waters were
chronically acidic due to acid deposition. The survey included over 1000 lakes
larger than 10 acres and miles of streams thought to be affected by acid
deposition. The survey revealed that acid deposition was responsible for
approximately 75% of the acidified lakes and 50% of the acidified streams.
The affected areas included the Adirondacks, mid-Appalachian highlands, the
upper Midwest, and the high-elevation West. The Adirondacks were the worst
hit. According to the EPA’s 1984 Eastern Lake Survey—Phase I, 10% of the
lakes in the Adirondack mountains have pH values of 5.0 or less. This pH is
to0 acidic to support aquatic organisms, such as trout, bass, salamanders,
crayfish, snails, and mayflies. The environmental impact quickly rises up t©
higher trophic levels. For example, the Common Loon relies on fish as its main
food source and seldom breeds on acidic (pH < 5.5) lakes.

Canada’s surface water also suffers from acid deposition. It is estimated that
12,000 lakes in Canada are acidic and 10,000 to 40,000 lakes may become
acidic if present deposition rates continue. Interestingly, at least half of the
sulfate deposited in Canada originates in the United States.

Acid deposition affects more than just the pH of surface water. The influx of
nitrogen from acid deposition into surface waters promotes plant growth.
When plants die, decomposers consume OXygen, lowering dissolved oxygen
levels. Aquatic organisms suffocate and, soon, the water is devoid of life. The
EPA estimates that 30 to 40 percent of the nitrogen in Chesapeake Bay, for
example, is due tO acid deposition. ‘

The pollutants that cause acid deposition also threaten human health more
directly. Lung cancer, asthma, bronchitis, and emphysema can be caused and
aggravated by air pollutants. For example, cases of respiratory ailments are
50% higher in the most polluted parts of Poland, Hungary, and the Czech
Republic than in the cleaner areas of those countries. The United States and
Canada are not immune to this problem. Senior citizens, children, and people
with weakened immune systems are advised to stay inside during t-mes of peak
air pollution in many metropolitan cities.

Air pollutants also reduce visibility- Sulfate particles, for example, produce 2
haze that is particularly noticeable in areas whose attraction is the view. These
areas range from Shenandoah National Park in Virginia to Grand Canyon

National Park in Arizona.

Where Does Acid Deposition Occur!

The major sources of the sulfur dioxide emitted in the United States are coal-
burning electric utilities (70%) in the midwest (see map) whereas the major
sources in Canada are industrial (60%). The gases rise into the atmosphere
where they are carried east and northeast by the prevailing westerly winds
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(Note 1, pg. 8). These winds can disperse the air pollutants hundreds of miles
from their source. In fact, most of the acid deposition that affects the
northeast United States and eastern Canada originates in the United States’
midwest. As these gases ride the winds, they react to form sulfuric and nitric
acids as well as sulfate and nitrate particles. Acid deposition is a regional
rather than a global problem because of the weakness of the wind currents.
Even so, wind currents can carry air pollutants over political borders and
create tension between neighboring countries. For example, tensions ran high
in the late 1980s when it was found that air pollutants from the upper
Midwest blow into Canada.

Motor vehicles account for 45% of nitrogen oxides emitted in the United
States, approximately the same amount due to coal-burning electric utilities.
In Canada, vehicles are responsible for 60% of the total nitrogen oxide level.
Thus, areas that have a large concentration of automobiles, such as
metropolitan cities and their surrounding areas, may also experience acid
deposition.

How Is Acid Deposition Neutralized?

Surface waters and soils neutralize acid deposition in the same way they
neutralize unpolluted precipitation. In water studies, this property is referred
to as acid-neutralizing capacity (ANC) or alkalinity and, in soil science, as
buffering capacity. The major contributors to alkalinity in surface water are
hydrogen carbonates (HCO3~), carbonates (CO32"), and hydroxides (OH™)
that originate from minerals and rocks that the water encounters as it flows.
Soils also affect ANC. Soils that have a large buffering capacity, such as soils
derived from limestone bedrock, produce lakes and streams with large ANC
values. Soils with low buffering capacity, such as soils derived from inert
bedrock (granite) and thin soils (common at high elevations) afford waters
with small ANC values. For example, surface waters in the high-elevation
west, such as the Cascades, Sierra Nevadas, and Rocky Mountains, have low
ANC values. Ironically, the Midwest, where major air polluters are located, is
well-equipped to neutralize acid deposition because its soils are derived from
limestone bedrock and have a large buffering capacity. Some of the common
neutralization reactions are the following:

2HCO;(ag) + H3804(aq) — 2C05(g) + 2H,0(1) + SO42(aq)
CO32(ag) + H,SO04(aq) — O3 (g) + HyOW) + SO42~(aq)
20H-(ag) + H3S04(ag) — 2H,0() + SO4*~(aq)

Alkalinity is measured in either peqg/L (see Note 2, pg.8) or ppm CaCO3 (see
Notes 3 and 4). In both units of measure, the greater the number, the greater
the water’s ability to neutralize acid. Water whose ANC < 0 ueq/L is acidic by
definition. Water whose ANC < 50 ueq/L may experience episodic
acidification that results from snowmelt or heavy rainfalls. Water whose ANC
< 200 peq/L is sensitive to acid deposition. For example, according to the
EPA’s 1984 Eastern Lake Survey—Phase I, 11% of the lakes in the Adirondacks
are acidic, 36% of the lakes may experience episodic acidification (this number
includes acidic lakes), and 71% are sensitive (includes acidic lakes and lakes
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that may experience episodic acidification). Use the following relation to
interconvert ppm CaCOj3 and ueq/L.

x ppm CaCO3 = 20x peq/L

Solutions

Ticle IV of the 1990 Clean Air Act Amendments contains provisions to
control acid deposition and sets as its primary goal the reduction of annual
sulfur dioxide emissions 10 million tons below the 1980 level (23 million tons)-
To this end, the EPA established the Allowance Trading System in 1995.
Under the auspices of this program, regulated companies are allocated permits
called allowances which allow them to emit one ton of sulfur dioxide per
allowance. The allowance may be used in the year allocated or saved for the
future. Companies may even buy, sell, or trade allowances.

The results of the program Were immediate. In 1990, the 445 regulated units
at 110 coal-burning electric utilities emitted 10 million tons of sulfur dioxide.
In 1995, the first year of the program, these same utilities emitted only 5.3
million tons. Phase Il of the program begins in the year 2000 and will expand
to include 2000 units.

Another goal of the 1990 Clean Air Act Amendments is to reduce annual
nitrogen oxide emissions 7 million tons below the 1980 level (21 million tons).
Phase I of this program began in 1996 and affects many of the same utilities as
Phase 1 of the sulfur dioxide program.

The environment shows the results of these pollution control efforts. The
United States Geological Survey reports that wet deposition sulfate
concentration decreased 10 to0 25% in 1995 compared to the previous 12
years. In addition, sulfate concentrations of surface waters in the northeastern
United States have fallen. Nitrate concentrations in Adirondack lakes have
started to decline, in sharp contrast to the previous decade in which these
concentrations increased.

Despite these reductions, the acid deposition control program encompasses
only half the emission mass produced by the United States. Overall, 19 million
tons of sulfur dioxide and 21 million tons of nitrogen oxides were emitted in

1994.

In Canada, the Eastern Canada Acid Rain Control Program was established in
1985 to limit wet sulfate deposition in the seven provinces east of Saskatchewan
to no more than 20 kilograms per hectare per year, a deposition rate thought to
protect moderately sensitive aquatic systems. The program’s initial sulfur dioxide
emission cap of 2.3 million tonnes (lton = 0.9 tonnes) was met in 1994, the
program’s first full year of implementation. For example, in 1980 the
International Nickel Company (INCO) in Sudbury, Ontario emitted 865
kilotonnes of sulfur dioxide. After the plant modemized its nickel and copper
smelter, it emitted only 165 kilotonnes in 1994, 35% below its regulated limit of
265 kilotonnes. Currently, Canada has a 2.3 million tonne cap that applies to
the eastern provinces effective until 2000 and a national cap of 3.2 million
tonnes effective from 2000 and beyond. In 1994, total sulfur dioxide emissions in
eastern Canada were 1.7 million tonnes, well below the cap-
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Phase I of Canada’s NOy/VOC Management Plan calls for reductions in
nitrogen oxide emissions of 125 kilotonnes by 2000. Additional regulations on
vehicle emissions are expected to keep total nitrogen oxide emissions in
Canada constant through 2010.

Sulfur dioxide emissions in the North America are declining. From 1980 to
1994, emissions decreased 23% with additional reductions predicted. Despite
this progress, nitrogen oxide emissions are forecasted to hold steady as the
number of vehicles increases.

1.

2

Winds are often named for the direction from which they flow; for
example, the prevailing westerlies blow from the west to the east.

One equivalent (eq) of a substance is the quantity in moles of that
substance that neutralizes one mole of hydrogen ions, Ht. For example,
only one-half mole of CaCOj is required to neutralize one mole of
hydrogen ions because one mole of calcium carbonate neutralizes two
moles of hydrogen ions.

CO32-(ag) + 2H* (ag) - H,CO3(aq)

The calcium ion does not react with the hydrogen ion. One equivalent of
calcium carbonate equals one-half mole of calcium carbonate.

Parts per million, ppm, refers to the number of parts of a substance per
million parts of another substance. For example, 1.8 mg of calcium
carbonate in 1.0 X 100 mg of water is 1.8 ppm. Because the density of
water is 1.0 g/mL, the mass of 1 L of water is 1000 g or 1.0 X 106 mg.
Therefore, 1.8 ppm calcium carbonate is 1.8 mg calcium carbonate per 1 L
of water.

The results of alkalinity tests are recorded as ppm CaCOj3. Although
water may contain chemicals other than calcium carbonate, the identity
of these chemicals is unimportant; the test results are treated as if the
water contained only calcium carbonate. In this way, the test results are
standardized and may be compared directly and easily. Calcium carbonate
serves as the reference because it is ubiquitous in natural waters.

. A solution saturated with carbon dioxide at 25°C has a pH of 3.8. Why

does unpolluted rain not have this pH? What may happen to the pH of
unpolluted rain if carbon dioxide levels in the atmosphere continue to
increase?’

Write the chemical equation that describes how calcium carbonate
neutralizes acid.

Convert 32 ppm CaCO3 to peq/L.

What step of the hydrologic cycle affords almost pure water?

5. When the temperature falls and solutions freeze, pure solvent freezes first,

and then, at a lower temperature, the solution freezes. When the
temperature rises, the solid solution melts first, followed by the solid
solvent. Given this information, explain why mountain lakes and streams
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may experience episodes of increased acidity in the spring.

Part L. Laboratory Activity. Work in pairs.

I

2
“Jorm sultur dioxide gas. Shake out water in the test tube. Place 3 drops of

pH of unpolluted rain. Simulate the reaction of atmospheric carbon dioxide

—ath) with water that occurs in rain. Obtain a test tube, straw, and
pipet. Pipet 1 mL of tap water in a test tube. Add a drop of Bogen
Universal Indicator, determine the pH from the color chart, and record.
Empty and rinse the test tube with tap water. Pipet 1 mL of tap water in
the test tube and exhale gently through a straw into the water for 30
seconds. Add a drop of Bogen Universal Indicator, determine the pH from
the color chart, and record. Rinse the test tube with water in preparation
for Step 2.

pH of acid rain. A burning match simulates the burning of sulfur in coal to

Bogen Universal Indicator in the test tube and tilt and rotate the tube so
that liquid droplets coat the inside surface. Invert the test tube and clamp
to a ring stand or hold with test tube tongs. Determine the pH of the
drops from the color chart and record. Holding a match under the tube,
light the match and let it burn until you can no Jonger hold the match.
Determine the pH of the drops from the color chart and record. Rinse the
test tube with water and save the tube for Step 3.

3. Effects of acid rain on human-made structures. Place half a piece of chalk in

a small (30 ML ot 13W25 mL of 0.05 M sulfuric acid
(concentrated acid rain) in a graduated cylinder, pour into the beaker, and
record your observations. Place a zinc shot in your test tube. Pipet 1 mL
0.05 M sulfuric acid into the tube and record your observations. Let the
chalk and zinc shot sit in the acid overnight. Observe the next day and
record your observations. ‘

Effect of bedrock on acid rain. Measure and record the pH of prepared “Acid
Rain” with wide-range pH paper. Obtain 3 small beakers. Place one basalt
specimen in the first beaker, one granite specimen in the second beaker,
and 10 marble chips in the third beaker. Add 20 mL of acid rain to each
beaker. Swirl each beaker once and let it rest for five minutes. Then
measure the pH of the liquid in each beaker. Let the samples sit in the
acid rain overnight. Measure and record the pH of the water in the
beakers the next day.

Measure the pH and alkalinity of surface water in your area.

.__————_—’_—_____,__A_._—/—_—
Although normal pH paper can be used to measure the pH of most
solutions, use Lo lon pH paper for samples that contain few dissolved
ions, such as distilled water and rain water.

a. How to measure pH with Lo Ion pH paper.

.. Place a 3-in strip of Lo lon pH paper in the sample tube.
i Fill the tube with sample water.

iii. Cap the sample tube and shake.
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iv. Wait 1 minute.

v. Hold the sample tube vertically against the black bar on the color
chart.

vi. Compare the strip’s color as seen through the liquid with the color
chart and record pH. If the pH from the color chart is 3.0, record the
result as < 3.0. If the pH is 6.0, record as 2 6.0.

b. How to measure alkalinity.

i. Fill a titration tube to the 5-mL line with sample water.

ii. Add one Bromcresol Green-Methyl Red (BCG-MR) Indicator
Tablet. Cap and shake until the tablet dissolves. The solution will
turn blue-green. If the solution turns pink, the sample has no
alkalinity.

iii. Fill the direct reading titrator with Alkalinity Titration Reagent B.
Fill the titrator until the plunger tip aligns with the zero graduation
mark. Insert the titrator into the center hole of the titration tube
cap.

iv. While gently stirring the tube, slowly depress the plunger to titrate
the sample until the blue-green color changes to pink. Read the test
result where the plunger tip meets the titrator scale. Record as Total
Alkalinity in ppm CaCO3.

v. If the plunger tip reaches the bottom line on the titrator scale (200
ppm) before the color change occurs, refill the titrator and continue
the titration. When recording the test result, be sure to include the
volume of the original amount of reagent dispensed (200 ppm).

Part II. Map Activity. Work individually.

1.

Laboratory Questions | 1.

Ay |
ACIWATY &

10 Student Instructions

Using the Major Nitrogen Dioxide and Sulfur Dioxide Generators map
and the direction of the prevailing westerlies, predict where acid
deposition may occur. Outline these areas on the map with a solid line.

Using the United States and Canada Bedrock map and your results in Part
I, Step 5, predict where acid deposition may acidify surface water. Outline
these areas and lightly shade them in.

Write the name of each state and province on the blank United States
and Canada map.

What is the pH of your tap water? What is the pH of the simulated
unpolluted rain you created? Write the chemical equation that explains
the acidity of unpolluted rain.

In Part I, Step 2, the burning match simulates the burning of sulfur in coal
to form sulfur dioxide gas. What was the pH of the indicator solution
before you lit the match? What was the pH of the indicator solution after
the match burned out? Why did the pH of the indicator solution change
as the match burned? Write the chemical equations (3) that describe how
sulfur dioxide produces wet and dry acid deposition.
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. On the basis of your map, would you expect acid deposition to fall in

“acid rain” (0.05 M sulfuric acid)? What happened when you treated the
zinc shot with concentrated acid rain? Name an item made out of calcium
carbonate and another object made out of metal and describe how acid
rain affects them.

Ohio? New York? Southern Saskatchewan? Why or why not? On the
basis of your map, would you expect acid deposition to fall where you
live? Why or why not?

. From Part I, Step 4, rank the abilities of the different bedrocks to

neutralize acid, from worst to best. Did the pH of the acid rain/bedrock
mixtures change overnight?

. On the basis of your maps, would you expect acid deposition to acidify

surface water in Ohio? New York? Southern Saskatchewan? Why or why
not? On the basis of your maps, would you expect acid deposition to fall
and acidify surface water where you live? Why or why not?

. Convert your surface water alkalinity level from ppm CaCO3 to weg/L

and classify the water as acidic (ANC <0 peq/L), may experience episodic
acidification (ANC < 50 peq/L), sensitive (ANC < 200 meq/L), or buffered
(ANC> 200 peq/L)-

. Mount Mitchell in North Carolina is the highest point east of the

Mississippi in North America. Suppose you and a friend go to Mt.
Mitchell to hike one weekend. You both notice that the trees on the west
side of the mountain have no leaves. Given that acid deposition affects
Mt. Mitchell, list three types of wet acid deposition that may be involved
and describe how wet acid deposition affects tree leaves and roots.

9. You and your friend notice that trees thrive on the east face of Mt.

Mitchell. Your friend argues that because fog occurs on both sides of
mountains and Mt. Mitchell experiences fog, acid fog does not harm
rrees. Counter her argument with a possible explanation.
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