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Unit 1 — Environmental Chemistry |
Review

1.1 Environmental Chemistry Principles and Concepts

Environmental chemistry explores how chemicals interact with our world. It examines sources, reactions,
and movement of substances in air, water, and soil. Understanding these processes helps us grasp how
pollutants affect ecosystems and human health.

Chemical behavior varies across environmental compartments like the atmosphere, hydrosphere, and
biosphere. Speciation, or the different forms a chemical can take, influences its toxicity, mobility, and
bioavailability. This knowledge is crucial for addressing environmental challenges effectively.

Fundamental Principles and Concepts of Environmental Chemistry

Principles of environmental chemistry

* Sources of chemical species in the environment

* Natural sources release chemicals through volcanic eruptions spew ash and gases, forest fires emit
particulates and CO2, oceanic emissions produce dimethyl sulfide

+ Anthropogenic sources introduce pollutants via industrial emissions release SO2 and NOx,
agricultural practices apply pesticides and fertilizers, fossil fuel combustion generates CO2 and
particulate matter

» Chemical reactions in the environment

» Photochemical reactions occur when sunlight triggers ozone formation in the troposphere
+ Acid-base reactions neutralize acidic rain in limestone-rich soils

» Redox reactions oxidize iron in waterlogged soils turning them reddish-brown

» Complexation reactions bind heavy metals to organic matter in soils reducing their bioavailability
* Transport mechanisms

+ Advection moves pollutants horizontally with wind or water currents (Gulf Stream)

« Diffusion spreads chemicals from areas of high to low concentration (odors in a room)

* Dispersion scatters pollutants in air or water due to turbulence and eddies

« Effects of chemical species

* Bioaccumulation concentrates pollutants in organisms over time (mercury in fish)

+ Biomagnification increases contaminant levels up the food chain (DDT in birds of prey)

* Toxicity causes harmful effects on organisms (lead poisoning in children)

* Fate of chemicals in the environment

» Degradation processes break down chemicals
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1. Biodegradation by microorganisms decomposes organic pollutants
2. Photodegradation by sunlight breaks down pesticides on plant surfaces
3. Hydrolysis in water splits molecules like organophosphate pesticides

« Partitioning between environmental compartments distributes chemicals (volatilization of PCBs from
water to air)

Impact of environmental processes

* Human health impacts

» Exposure routes introduce chemicals to the body

* Inhalation of air pollutants (smog)

* Ingestion of contaminated food or water (lead in drinking water)
» Dermal contact with hazardous substances (pesticides)

* Acute and chronic health effects range from immediate (CO poisoning) to long-term (asbestos
exposure)

« Carcinogenicity and mutagenicity cause cancer and genetic mutations (UV radiation)
» Ecosystem impacts

* Biodiversity loss occurs due to habitat destruction and pollution (coral reef bleaching)
+ Habitat destruction fragments ecosystems (deforestation)

* Disruption of food chains alters ecosystem balance (overfishing)

* Climate change implications

» Greenhouse gas emissions trap heat in the atmosphere (CO2, methane)

+ Ocean acidification decreases pH affecting marine life (shellfish calcification)

» Environmental policy and regulation

* Risk assessment evaluates potential harm from chemical exposure

* Pollution control strategies implement technologies to reduce emissions (scrubbers)
+ Sustainable development

» Green chemistry principles design safer chemicals and processes

« Life cycle assessment evaluates environmental impacts from cradle to grave
Environmental Compartments and Chemical Behavior

Interactions of environmental compartments

» Atmosphere
» Troposphere contains weather phenomena and most air pollutants

« Stratosphere houses the ozone layer protecting from UV radiation
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* Mesosphere experiences meteors burning up

* Thermosphere absorbs X-rays and UV radiation

» Hydrosphere

» Oceans regulate climate and absorb CO2

* Freshwater systems provide drinking water and support aquatic ecosystems
» Groundwater stores water in aquifers and can transport contaminants

» Geosphere

* Lithosphere forms the Earth's crust and upper mantle

» Pedosphere (soil) supports plant growth and filters water

* Biosphere

* Terrestrial ecosystems include forests, grasslands, and deserts

» Aquatic ecosystems encompass freshwater and marine environments

* Interactions between compartments

» Water cycle moves water between atmosphere, land, and oceans

« Carbon cycle exchanges carbon through photosynthesis, respiration, and decomposition
* Nitrogen cycle converts nitrogen between organic and inorganic forms

* Biogeochemical cycles circulate elements through biotic and abiotic components

Chemical speciation in environments

» Chemical speciation distribution of chemical species in different forms affects behavior (lead in soil)
* Factors affecting speciation

* pH influences metal solubility and organic compound ionization

* Redox conditions determine oxidation states of elements (iron in wetlands)

« lonic strength affects ion activity and complexation

* Presence of complexing agents alters metal bioavailability (humic substances)

* Importance of speciation

* Bioavailability determines uptake by organisms (selenium in plants)

* Toxicity varies with chemical form (chromium 11l vs chromium VI)

* Mobility in the environment depends on speciation (arsenic in groundwater)

* Speciation examples

* Metal ions form different species (mercury as elemental Hg, methylmercury, Hg2+)
* Nutrients exist in various forms (nitrogen as NH4+, NO3-, organic N)

+ Analytical techniques for speciation studies
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» Chromatography separates chemical species (HPLC for pesticides)
« Spectroscopy identifies and quantifies species (ICP-MS for metals)
* Environmental implications

* Remediation strategies target specific chemical forms

* Risk assessment considers bioavailable fractions

« Fate modeling predicts transport and transformation of species

1.2 Chemical Equilibria and Kinetics in Environmental Systems

Chemical equilibria and kinetics are crucial in environmental systems. These concepts help us understand
how pollutants break down, nutrients cycle, and ecosystems maintain balance. From ocean acidification to
atmospheric reactions, these principles explain the behavior of chemicals in our environment.

Le Chatelier's Principle, equilibrium constants, and rate laws are key tools for predicting chemical behavior.
These concepts apply to real-world issues like CO2 dissolution in oceans, weak acid dissociation, and
ozone depletion. Understanding these principles is essential for addressing environmental challenges.

Chemical Equilibria in Environmental Systems

Principles of chemical equilibrium

* Le Chatelier's Principle predicts equilibrium shifts due to concentration, pressure, and temperature
changes (dissolution of CO2 in oceans)

« Equilibrium constants quantify reaction extent at equilibrium
+ K¢ represents concentration-based equilibria (dissociation of weak acids)
« Kb applies to gas-phase equilibria (atmospheric reactions)

» Mass action law relates reactant and product concentrations at equilibrium enables prediction of
reaction direction

» Common ion effect suppresses ionization in aqueous systems impacts solubility and pH (limestone
dissolution in hard water)

« Buffer systems maintain stable pH resist changes from acid or base additions (blood pH regulation)

« Solubility product constant (Ksp) predicts mineral precipitation and dissolution (formation of stalactites
and stalagmites)

Problem-solving in environmental chemistry

« ICE tables calculate equilibrium concentrations track species throughout reaction progress

* pH determination methods vary for different solution types 1. Strong acids and bases: complete
dissociation assumed 2. Weak acids and bases: partial dissociation considered 3. Buffer solutions:
Henderson-Hasselbalch equation applied

« Solubility calculations predict mineral precipitation in natural waters aid in water treatment processes

» Redox equilibria use Nernst equation to calculate cell potentials crucial for understanding contaminant
mobility
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Chemical Kinetics in Environmental Systems

Concept of chemical kinetics

» Reaction rate measures change in concentration over time crucial for understanding pollutant
degradation and nutrient cycling

» Rate laws describe concentration dependence on reaction rate

 Zero-order: rate independent of concentration (photolysis of atmospheric gases)
« First-order: rate proportional to concentration (radioactive decay)

» Second-order: rate proportional to square of concentration (ozone depletion)

« Half-life represents time for concentration to halve important for assessing persistence of
environmental contaminants

» Reaction mechanisms break down complex processes into elementary steps identify rate-determining
step

+ Collision theory explains how molecular collisions and their energy affect reaction rates

« Activation energy represents minimum energy required for reaction influences reaction rate described
by Arrhenius equation

Factors influencing environmental equilibria

» Temperature affects equilibrium constants and reaction rates
« van 't Hoff equation relates temperature to equilibrium constant shifts
* Arrhenius equation describes temperature dependence of reaction rate constants

* Pressure impacts gas-phase equilibria and reaction rates in aqueous systems (CO2 solubility in deep
ocean)

« Catalysts lower activation energy accelerate reactions without being consumed

» Enzymes catalyze biological processes (nitrogen fixation)

» Heterogeneous catalysis occurs on surfaces (soil minerals catalyzing pollutant degradation)
* lonic strength influences reaction rates in aqueous solutions affects activity coefficients

* pH affects equilibrium constants of acid-base reactions and rates of pH-dependent processes (metal
speciation in water)

« Light drives photochemical reactions crucial in atmospheric chemistry and aquatic ecosystems
(photosynthesis, smog formation)

1.3 Biogeochemical Processes and Cycles

Biogeochemical cycles are nature's recycling systems, moving essential elements through Earth's spheres.

Carbon, nitrogen, phosphorus, and sulfur cycles interconnect, shaping ecosystems and climate.
Understanding these processes is crucial for grasping environmental chemistry.

Human activities have dramatically altered these cycles, causing far-reaching consequences. From carbon
emissions driving climate change to nitrogen runoff causing algal blooms, our impact is profound.

Fiveable archived study guides

Page 6



Recognizing these effects is key to addressing environmental challenges and finding sustainable solutions.

Biogeochemical Cycles Overview

Major biogeochemical cycles

« Carbon cycle

» Atmospheric carbon dioxide fixation through photosynthesis converts inorganic carbon to organic
compounds in plants

* Respiration and decomposition releasing CO2 back to atmosphere maintain balance in carbon
reservoirs

» Ocean carbon absorption and release regulate atmospheric CO2 levels through dissolution and
outgassing

* Fossil fuel formation and combustion alter long-term carbon storage and atmospheric concentrations
* Nitrogen cycle

+ Nitrogen fixation by bacteria and lightning converts atmospheric N2 to biologically available forms
(ammonia)

« Nitrification and denitrification processes transform nitrogen compounds in soil and water (nitrate,
nitrite)

« Assimilation of nitrogen by plants incorporates inorganic nitrogen into organic molecules (amino acids,
proteins)

» Decomposition and release of ammonia return nitrogen to the soil for reuse

* Phosphorus cycle

» Weathering of phosphate-containing rocks releases phosphorus into soil and water (apatite)

* Uptake by plants and animals incorporates phosphorus into organic molecules (DNA, ATP)

* Decomposition and return to soil recycles phosphorus through microbial activity

» Sedimentation in aquatic systems removes phosphorus from circulation (phosphate deposits)

* Sulfur cycle

* Volcanic emissions of sulfur dioxide introduce sulfur into the atmosphere

* Bacterial reduction and oxidation of sulfur compounds in anaerobic environments (sulfate, sulfide)
+ Assimilation by plants and animals incorporates sulfur into organic molecules (amino acids)

» Atmospheric sulfur deposition returns sulfur to land and water through precipitation

Transfer of elements in environment

» Atmospheric deposition
» Wet deposition transfers elements through precipitation (acid rain, nutrient deposition)

* Dry deposition removes particles and gases from air through gravitational settling (dust, pollen)
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* Biological uptake and release

* Root absorption by plants takes up nutrients from soil solution (nitrogen, phosphorus)

* Microbial transformations alter elemental forms and availability (nitrogen fixation, decomposition)

» Animal consumption and excretion redistribute elements within ecosystems (grazing, waste products)
* Physical transport mechanisms

» Wind erosion and dust transport move particles across long distances (Saharan dust to Amazon)

* River and ocean currents redistribute dissolved and particulate matter (sediment transport, nutrient
cycling)

» Groundwater movement transfers elements through subsurface flow (aquifer recharge, contaminant
transport)

» Chemical transformations
+ Oxidation-reduction reactions change elemental oxidation states (iron oxidation, sulfate reduction)
* Acid-base reactions alter pH and element solubility (carbonate dissolution, metal precipitation)

» Complexation and chelation affect element mobility and bioavailability (metal-organic complexes)

Human Impacts and Ecosystem Interactions

Human impact on cycles

 Carbon cycle alterations

* Increased atmospheric CO2 from fossil fuel combustion drives global warming

+ Deforestation reducing carbon sinks diminishes terrestrial carbon storage capacity

* Ocean acidification affecting marine ecosystems threatens calcifying organisms (coral reefs, shellfish)
+ Nitrogen cycle disruptions

« Agricultural fertilizer runoff causing eutrophication leads to algal blooms and hypoxic zones
* Increased atmospheric nitrogen oxides from combustion contribute to smog formation

* Nitrate contamination of groundwater poses health risks (methemoglobinemia)

* Phosphorus cycle modifications

» Phosphate mining depleting natural reserves threatens future agricultural productivity

» Excessive use of phosphorus fertilizers leads to soil phosphorus accumulation and runoff

* Algal blooms in aquatic systems disrupt ecosystem balance and water quality

« Sulfur cycle impacts

+ Acid rain from industrial sulfur dioxide emissions damages forests and aquatic ecosystems
+ Soil acidification affecting crop yields reduces agricultural productivity

» Respiratory health issues from sulfur air pollution increase human morbidity and mortality
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Interactions of biogeochemical cycles

 Carbon-nitrogen interactions

+ Nitrogen availability affecting plant growth and carbon sequestration influences ecosystem productivity
« Carbon dioxide levels influencing nitrogen fixation rates alter microbial activity

» Phosphorus limitations on primary productivity

* Phosphorus as a limiting nutrient in many ecosystems constrains biomass production

« Influence on carbon cycle through photosynthesis rates affects global carbon balance

« Sulfur-nitrogen interactions in acid deposition

» Combined effects of sulfuric and nitric acids on ecosystems exacerbate environmental damage
* Impacts on soil and water chemistry alter nutrient availability and toxicity

+ Coupled biogeochemical cycles in aquatic systems

* Nutrient ratios (C:N:P) affecting phytoplankton growth determine ecosystem structure

* Oxygen depletion from excess organic matter decomposition creates dead zones

« Climate change impacts on cycle interactions

« Altered precipitation patterns affecting nutrient transport modify elemental distributions

» Temperature effects on microbial activity and decomposition rates accelerate nutrient cycling

1.4 Environmental Toxicology and Risk Assessment

Environmental toxicology studies how chemicals harm living things and ecosystems. It looks at pollutants
and natural toxins, figuring out their dangers and effects. This field helps shape environmental policies and
protects wildlife and human health.

Toxicity assessment uses key concepts like dose-response relationships and toxicity thresholds. It also
considers how substances build up in organisms and food chains. These ideas help scientists understand
and measure the impacts of harmful chemicals in the environment.

Environmental Toxicology Fundamentals

Definition of environmental toxicology

» Environmental toxicology studies harmful effects of chemicals on living organisms and ecosystems
focusing on anthropogenic pollutants and natural toxins (pesticides, heavy metals)

« Identifies potential hazards of chemicals in environment evaluates impacts on organisms, populations,
and ecosystems informs environmental policy and regulation

» Examines fate and transport of toxicants in environment toxicokinetics (absorption, distribution,
metabolism, excretion) toxicodynamics (mechanisms of toxicity at cellular and molecular levels)

* Applied in pollution monitoring and control ecological risk assessment wildlife conservation human
health protection
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Concepts in toxicity assessment

* Dose-response relationships correlate exposure level and biological effect through various curve
types (linear, non-linear, threshold, hormetic)

* Toxicity thresholds include: 1. No Observed Adverse Effect Level (NOAEL) 2. Lowest Observed
Adverse Effect Level (LOAEL) 3. Lethal Dose 50 (LD50) dose causing death in 50% of test organisms
4. Effective Concentration 50 (EC50) concentration causing effect in 50% of test organisms

* Bioaccumulation accumulates substances in organisms over time influenced by chemical properties
(lipophilicity) environmental conditions organism characteristics

 Biomagnification increases concentration up food chain (DDT in birds of prey)

* Bioconcentration accumulates from environment excluding diet (mercury in fish)

Process of environmental risk assessment

» Hazard identification determines potential adverse effects of substance through literature review and
toxicity studies identifies relevant endpoints (mortality, reproductive effects)

» Exposure assessment estimates magnitude frequency and duration of exposure using environmental
fate and transport modeling biomonitoring and environmental sampling

» Dose-response assessment establishes relationship between exposure and effects determines critical
effect levels (NOAEL, LOAEL)

* Risk characterization integrates hazard exposure and dose-response data calculates risk quotients or
hazard indices performs uncertainty analysis and sensitivity testing

Limitations of toxicological studies

+ Data limitations stem from incomplete toxicity information for many chemicals extrapolation from
laboratory to field conditions lack of long-term studies on chronic effects

» Environmental systems complexity involves multiple stressors and interactions variability in ecosystem
responses

* Exposure assessment challenges include spatial and temporal variations in contaminant levels
difficulty in accurately measuring or predicting exposure

* Interspecies extrapolation faces differences in sensitivity between test organisms and target species
uncertainty in applying animal data to human health risk assessment

* Mixture toxicity presents limited understanding of combined effects of multiple chemicals potential
synergistic or antagonistic interactions (pharmaceutical cocktails in wastewater)

* Emerging contaminants lack data on new chemicals and their environmental impacts (microplastics,
nanomaterials)

* Risk characterization uncertainty involves probabilistic vs deterministic approaches challenges in
communicating uncertainty to decision-makers and public

« Ethical considerations include animal testing concerns balancing precautionary principle with scientific
evidence
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Unit 2 — Stratospheric Ozone Depletion

2.1 Stratospheric Ozone Chemistry and the Chapman Cycle

Stratospheric ozone shields Earth from harmful UV radiation. This protective layer absorbs most UV-B and
blocks UV-C, preventing DNA damage, skin cancer, and ecological harm. Understanding its chemistry is
crucial for addressing ozone depletion.

The Chapman Cycle explains ozone formation and destruction in the stratosphere. Key reactions involve
oxygen molecules, atomic oxygen, and ozone, establishing a dynamic equilibrium. Various factors
influence ozone levels, including solar radiation, temperature, and human-made substances.

Stratospheric Ozone and UV Protection

Protection from UV radiation

« Stratospheric ozone layer forms protective shield 15-35 km above Earth's surface consisting of Os
molecules

+ UV radiation types filtered include UV-A (315-400 nm), UV-B (280-315 nm), UV-C (100-280 nm)
» Ozone's protective function absorbs 97-99% of UV-B radiation and completely blocks UV-C radiation

» Consequences of UV exposure lead to DNA damage causing skin cancer (melanoma), cataracts,
immune system suppression

* Ecological impacts reduce plant growth and damage marine ecosystems (coral bleaching)

Chapman Cycle and Ozone Chemistry

Chapman Cycle reactions

« Ozone formation reactions: 1. Oz + hv—=0 + O (A < 242 nm) splits oxygen molecule into atoms 2.
O+ 0; + M=03 + M (M is third body, usually Nz or Oz) forms ozone

+ Ozone destruction reactions: 1. Oz + hv—=0; + O (A < 1180 nm) breaks down ozone 2.
O + 03—20; recombines oxygen

* Net reaction 30,=203 establishes dynamic equilibrium

Key species in ozone layer
* Oxygen (O2) serves as source of atomic oxygen and participates in ozone formation
» Atomic oxygen (O) forms by photolysis of Oz and reacts with O to create ozone
» Ozone (Os) acts as primary UV absorber, formed and destroyed in Chapman Cycle
* Nitrogen oxides (NOx) catalyze ozone depletion (NO, NO2)
* Chlorine (Cl) and bromine (Br) act as anthropogenic ozone depleting substances (CFCs, halons)

* Hydroxyl radical (OH) serves as natural ozone depleting substance
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Ozone production vs destruction

« Solar radiation intensity varies with latitude, season, time of day affecting photolysis rates

» Temperature influences reaction rates, stratospheric cooling increases ozone depletion

» Atmospheric circulation (Brewer-Dobson) transports ozone and precursors globally

« Natural variability includes solar cycles (11-year) and volcanic eruptions (sulfur aerosols)

» Anthropogenic factors encompass CFCs and climate change impacts on stratospheric conditions
« Altitude affects ozone concentration, peak ~25 km in stratosphere

« Catalytic cycles (NOx, ClOx, HOx) accelerate ozone destruction through chain reactions

2.2 Catalytic Ozone Destruction Mechanisms

Catalytic ozone destruction is a critical process in atmospheric chemistry. It involves catalysts that
repeatedly break down ozone molecules without being consumed themselves, leading to accelerated
ozone depletion, especially in polar regions.

Several cycles contribute to ozone destruction, including NOx, ClOx, HOx, and BrOx. These cycles
operate at different altitudes and regions, with polar stratospheric clouds playing a crucial role in enhancing
ozone depletion through heterogeneous reactions.

Catalytic Ozone Destruction Mechanisms

Catalytic ozone destruction concept

+ Catalytic ozone destruction involves chemical process where catalyst repeatedly destroys ozone
molecules without being consumed

« Catalyst regeneration allows continuous ozone depletion cycle to persist

* Accelerated ozone depletion compared to non-catalytic reactions leads to thinning of ozone layer
(polar regions)

* Increased UV radiation reaching Earth's surface results from ozone layer depletion

« General catalytic cycle demonstrates ozone destruction process: 1. X + O3=X0O + O3 2.
XO + O—X + O; 3. Net reaction: O3 + 0—=20;

Main ozone depletion cycles

+ NOx cycle breaks down ozone through nitrogen oxide reactions: 1. NO + O3->NO> + O; 2.
NO> + O-NO + 05 3. Net: O3 + 0=20>

+ ClOx cycle depletes ozone via chlorine-based reactions: 1. C/ + O3=CIO + O, 2. CIO + O-Cl + O,
3. Net: O3 + 0—-20;

+ HOx cycle involves hydroxyl radical in ozone destruction: 1. OH + O3—HO; + O; 2.
HO> + O—=0H + 05 3. Net: O3 + 0-20>

» BrOx cycle utilizes bromine compounds to break down ozone: 1. Br + O3—BrO + O; 2.
BrO + O-=Br+ 0> 3. Net: O3 + 0-20>
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Polar stratospheric clouds in catalysis

» PSC formation occurs in extremely cold temperatures (below -78°C)

» Composed of water ice and nitric acid trihydrate particles

» Heterogeneous reactions on PSC surfaces convert reservoir species to active forms:

« HCl + CIONO,-Cl; + HNO3

* N;Os5 + H;0-»2HNO3

« Denitrification removes nitrogen oxides from gas phase preventing reformation of reservoir species
« Chlorine activation breaks C/2 into active chlorine atoms through sunlight: Cl2 + hv—2C/

» Enhanced ozone depletion results from increased concentration of active catalysts

* Prolonged catalytic cycles occur due to lack of termination reactions

Regional importance of catalytic cycles

* Lower stratosphere dominated by CIOx and BrOx cycles enhanced by heterogeneous reactions on
PSCs

» Middle stratosphere sees NOx cycle becoming more important while CIOx cycle remains significant

+ Upper stratosphere experiences increased importance of HOx cycle with NOx cycle remaining
significant

* Polar regions dominated by CIOx cycle during ozone hole formation with BrOx cycle playing
supporting role

» Mid-latitudes exhibit mix of NOx, ClOx, and HOx cycles with relative importance varying by altitude
and season

* Tropical stratosphere shows prominence of NOx and HOx cycles while CIOx less important due to
lower chlorine concentrations

2.3 Ozone-Depleting Substances and Their Regulation

Ozone-depleting substances (ODSs) are chemicals that harm the Earth's protective ozone layer. These
include CFCs, halons, and HCFCs, which were widely used in refrigerants, aerosols, and fire
suppressants. Their atmospheric lifetimes range from months to over a century.

International efforts to reduce ODSs have been largely successful. The Montreal Protocol and its
amendments have led to a 98% reduction in ODS production since 1986. However, challenges remain due
to long-lived ODSs and illegal trade. Ongoing monitoring and developing alternatives are crucial.

Ozone-Depleting Substances

Classes of ozone-depleting substances

* Chlorofluorocarbons (CFCs) contain chlorine, fluorine, and carbon atoms damage ozone layer
(CFC-11, CFC-12, CFC-113)

+ Halons contain bromine, fluorine, and carbon atoms highly effective fire suppressants (Halon-1211,
Halon-1301)
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* Hydrochlorofluorocarbons (HCFCs) transitional replacements for CFCs contain hydrogen, chlorine,
fluorine, and carbon atoms

« Carbon tetrachloride (CCl4) industrial solvent and cleaning agent
« Methyl chloroform (CH3CCl/3) degreasing agent and industrial solvent

* Methyl bromide (CH3Br) agricultural fumigant and pest control substance

Sources and lifetimes of ODSs

» CFCs used as refrigerants, aerosol propellants, foam blowing agents persist in atmosphere 50-100
years

+ Halons found in fire extinguishing systems remain in atmosphere 65-120 years

* HCFCs utilized as refrigerants and in foam production have shorter atmospheric lifetime 1-20 years
« Carbon tetrachloride industrial solvent and cleaning agent lasts 26 years in atmosphere

* Methyl chloroform industrial solvent and degreasing agent persists for 5 years

» Methyl bromide agricultural fumigant and pest control substance has shortest lifetime 0.7 years

International Agreements and Effectiveness

International agreements for ODS reduction

+ Vienna Convention for the Protection of the Ozone Layer (1985) established framework for
international cooperation

» Montreal Protocol on Substances that Deplete the Ozone Layer (1987) legally binding agreement
phased out ODSs ratified by all UN member states

» London Amendment (1990) added carbon tetrachloride and methyl chloroform to controlled
substances list

» Copenhagen Amendment (1992) accelerated phase-out schedules included HCFCs and methyl
bromide

* Montreal Amendment (1997) established licensing system for import/export of ODSs
* Beijing Amendment (1999) added bromochloromethane to controlled substances

* Kigali Amendment (2016) focused on phasing down hydrofluorocarbons (HFCs)

Effectiveness of ODS regulations

* Successes include 98% reduction in ODS production and consumption since 1986 observed ozone
layer recovery in upper stratosphere projected full recovery by mid-21st century

+ Challenges persist due to long atmospheric lifetimes of ODSs illegal production and trade of banned
substances difficulty finding suitable replacements for all ODS applications

» Ongoing efforts involve monitoring atmospheric concentrations of ODSs developing ozone-friendly
alternatives addressing unexpected emissions of banned substances

« Future concerns include potential impact of climate change on ozone layer recovery balancing ozone
protection with climate change mitigation ensuring compliance in developing countries
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2.4 Monitoring and Modeling Stratospheric Ozone

Stratospheric ozone monitoring employs various methods to track the health of Earth's protective shield.
From satellites to ground-based instruments, these tools measure ozone levels and distribution, providing
crucial data for understanding long-term trends and seasonal variations.

Interpreting ozone data involves analyzing measurements, trends, and indicators. Scientists examine total
column ozone, vertical profiles, and regional differences to assess the ozone layer's condition. The
Antarctic ozone hole remains a key focus, highlighting the ongoing impact of ozone depletion.

Stratospheric Ozone Monitoring

Methods of ozone monitoring

« Satellite observations provide global coverage and continuous monitoring

* Total Ozone Mapping Spectrometer measures total column ozone from space
« Solar Backscatter Ultraviolet instrument detects vertical ozone distribution

» Ozone Monitoring Instrument offers high-resolution spatial mapping

» Ground-based measurements offer precise local data and long-term records

* Dobson spectrophotometer measures total ozone using UV absorption

» Brewer spectrophotometer provides automated, multi-wavelength measurements
» Ozonesonde balloons collect vertical profile data up to 35 km altitude

* Remote sensing techniques enable atmospheric profiling

* LIDAR uses laser pulses to measure ozone concentration at various altitudes
* Microwave radiometry detects ozone's thermal emission in upper atmosphere
* Measurement principles rely on ozone's unique spectral properties

* Absorption spectroscopy analyzes light absorption at specific wavelengths

 Backscatter ultraviolet technique measures UV radiation scattered by atmosphere

Interpretation of ozone data

» Ozone data interpretation involves analyzing various measurements

* Total column ozone measurements quantify ozone amount in entire atmosphere
* Vertical ozone profiles show concentration changes with altitude

» Seasonal variations reveal cyclical patterns in ozone levels

» Ozone trends analysis examines long-term changes in stratospheric ozone

* Long-term global trends indicate overall ozone layer health

» Regional differences highlight varying impacts of ozone depletion

« Statistical methods for trend detection include time series analysis
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* Antarctic ozone hole represents severe seasonal ozone depletion

+ Discovery in 1985 alerted scientific community to ozone depletion

» Seasonal formation occurs during Antarctic spring (September-November)

» Extent and depth measurements track hole's size and severity

» Ozone depletion indicators provide quantitative assessment

* Dobson Units measure total column ozone (1 DU = 0.01 mm thick ozone layer)

» Ozone Depletion Potential compares substance's impact to CFC-11

Modeling and Assessment

Atmospheric models for ozone

* Types of atmospheric models simulate different aspects of ozone behavior

» Chemical transport models focus on chemical reactions and transport processes
» General circulation models simulate large-scale atmospheric dynamics

* Coupled chemistry-climate models integrate chemical and physical processes
* Model components represent key factors affecting ozone

» Atmospheric dynamics include wind patterns and stratospheric circulation

» Chemical reactions simulate ozone production and destruction mechanisms

+ Radiative transfer calculates solar radiation effects on ozone

* Model applications support scientific understanding and policy decisions

* Ozone depletion mechanisms study catalytic cycles (ClOx, NOx, HOx)

* Future ozone layer projections estimate recovery timelines

* Policy scenario analysis evaluates impact of emission regulations

* Model validation ensures accuracy and reliability of simulations

» Comparison with observational data verifies model performance

+ Uncertainty assessment identifies limitations and areas for improvement

Current state of ozone layer

+ Current state assessment evaluates ozone layer's health globally
* Global ozone levels show signs of stabilization since late 1990s

* Polar ozone depletion remains severe in Antarctic spring

» Mid-latitude ozone trends indicate slow recovery in some regions
» Recovery indicators track progress towards ozone layer healing

* Chlorine and bromine loading in stratosphere decreasing due to Montreal Protocol
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* Ozone hole size and duration fluctuate but show overall decreasing trend
» Upper stratospheric ozone increase detected in some areas

* Projected recovery timeline estimates full ozone layer restoration

* Montreal Protocol impact accelerates ozone layer recovery

» Mid-latitude recovery expected by mid-21st century

« Polar regions recovery projections extend to late 21st century

* Factors influencing recovery affect ozone layer's future

» Greenhouse gas emissions alter stratospheric temperature and circulation
« Climate change effects impact ozone chemistry and transport

* Potential new ozone-depleting substances pose ongoing challenges

Fiveable archived study guides Page 17



Unit 3 — Tropospheric Pollution &
Photochemical Smog

3.1 Tropospheric Ozone Formation and NOx Chemistry

Tropospheric ozone forms through complex chemical reactions involving sunlight, nitrogen oxides, and
volatile organic compounds. This process, crucial to urban air quality, leads to the formation of smog in
cities like Los Angeles.

NOx emissions play a vital role in ozone formation, acting as both catalyst and precursor. Understanding
the relationship between NOx and ozone concentrations is key to managing urban air quality and
addressing the health impacts of smog.

Tropospheric Ozone Formation

Tropospheric ozone formation processes

* Photolysis of nitrogen dioxide (NO2) occurs when UV radiation breaks down NO2 into NO and atomic
oxygen NO; + hv->NO + O

» Formation of ozone (O3) happens as atomic oxygen reacts with molecular oxygen
O+ 02 + M-=03 + M (M typically N2 or 02)

» Regeneration of NO2 takes place when NO reacts with ozone NO + O3—-NO; + O;

+ Volatile Organic Compounds (VOCs) involvement includes reacting with OH radicals to form peroxy
radicals (RO2) which oxidize NO to NO2 without consuming ozone

* Net ozone production occurs when NO2 regenerates without consuming ozone leading to
accumulation (Los Angeles smog)

Role of NOx in smog

* NOx as primary pollutants emitted from combustion processes (vehicles, power plants) consist of NO
and NO2

* NO2 photolysis initiates ozone formation process acting as key precursor

* NO acts as catalyst participating in ozone formation cycle and converted back to NO2 by peroxy
radicals

* NOx reservoir species like peroxyacetyl nitrate (PAN) temporarily store NOx in atmosphere

« Contribution to secondary pollutants involves reacting with VOCs to form aldehydes and ketones
(formaldehyde) and nitric acid (HNO3) through reaction with OH radicals

Urban Air Quality

NOx emissions vs o0zone concentrations

» NOx-limited regime occurs in areas with high VOC/NOx ratios where ozone formation increases with
increasing NOX (rural areas)
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» VOC-limited regime happens in areas with low VOC/NOXx ratios where ozone formation decreases
with increasing NOx (urban centers)

» Weekend effect shows higher ozone levels on weekends despite lower NOx emissions attributed to
changes in NOx/VOC ratios

» Ozone isopleth diagrams graphically represent ozone formation as function of NOx and VOC
concentrations helping air quality management

+ Urban heat island effect increases temperatures in urban areas enhancing ozone formation through
faster reaction rates

Factors in ozone level variations

« Solar radiation intensity drives peak ozone levels typically in afternoon as photochemical reactions
depend on sunlight

» Temperature variations accelerate ozone-forming reactions and influence atmospheric stability and
mixing

« Traffic patterns during morning and evening rush hours affect NOx emissions contributing to ozone
precursor concentrations

* Boundary layer dynamics include nighttime temperature inversion trapping pollutants and daytime
mixing and dilution of ozone

» NOx titration effect depletes ozone near NOx sources during nighttime leading to lower ozone levels in
early morning

« Carryover effect involves residual ozone and precursors from previous day influencing next day's
ozone formation (multi-day pollution episodes)

3.2 Volatile Organic Compounds (VOCs) and Their Role in Smog

Volatile Organic Compounds (VOCs) are sneaky pollutants that easily vaporize at room temp. They come
from nature and human activities, like car exhaust and industrial processes. VOCs play a big role in
creating smog, which is bad news for our health and the environment.

When VOCs mix with other pollutants and sunlight, they form nasty stuff like ground-level ozone and
particulate matter. Some VOCs are worse than others at making smog. To fight this, we use tech solutions,
regulations, and even change how we plan our cities.

Volatile Organic Compounds and Smog Formation

Definition and sources of VOCs

* Volatile Organic Compounds (VOCs) organic chemicals vaporize easily at room temperature due to
high vapor pressure

* Natural sources release VOCs into atmosphere vegetation emits isoprene and terpenes, wildfires
produce smoke-related VOCs, volcanic eruptions expel various organic compounds

» Anthropogenic activities contribute significantly vehicle exhaust contains benzene and formaldehyde,
industrial processes emit diverse VOCs, solvents and paints release compounds like acetone and
toluene, household products (air fresheners, cleaning agents) add to indoor and outdoor VOC levels
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VOCs in photochemical smog formation

* Photochemical smog components include ground-level ozone irritates respiratory system, particulate
matter reduces visibility and harms health, nitrogen oxides contribute to acid rain

* VOC reactions in smog formation involve photolysis breaks down VOCs using sunlight energy,
hydroxyl radicals oxidize VOCs creating reactive intermediates

» Ozone formation process occurs when VOCs react with nitrogen oxides under sunlight producing
reactive oxygen species leads to ground-level ozone accumulation

» Secondary organic aerosols (SOA) form from VOC oxidation products contribute to particulate matter
in smog worsen air quality and visibility

Reactivity of VOCs for ozone

» Maximum Incremental Reactivity (MIR) scale measures ozone-forming potential of VOCs helps
prioritize emission control strategies

« Highly reactive VOCs include: 1. Alkenes (propene, butene) rapidly form ozone 2. Aromatics (toluene,
xylene) contribute significantly to urban smog

* Moderately reactive VOCs encompass aldehydes (formaldehyde, acetaldehyde) and ketones
(acetone) play important role in atmospheric chemistry

* Less reactive VOCs consist of alkanes (methane, ethane) have lower ozone-forming potential but still
contribute over time

* Factors affecting VOC reactivity include molecular structure determines reaction pathways,
atmospheric lifetime influences overall impact, reaction rate with hydroxyl radicals indicates oxidation
potential

Strategies for VOC emission reduction

* Regulatory approaches implement emission standards for vehicles and industries, set VOC content
limits in consumer products (paints, cleaning supplies)

* Technological solutions employ catalytic converters in vehicles reduce exhaust emissions, install
vapor recovery systems at gas stations capture fuel vapors, develop low-VOC paints and solvents for
construction and manufacturing

+ Industrial process improvements implement leak detection and repair programs minimize fugitive
emissions, utilize VOC capture and control technologies (thermal oxidizers, carbon adsorption)

» Consumer education and behavior change promote proper disposal of VOC-containing products (old
paint, solvents), encourage use of public transportation or carpooling reduce vehicle emissions

* Urban planning and design strategies promote green spaces and urban forests naturally filter air
pollutants, improve public transportation infrastructure reduce reliance on personal vehicles

3.3 Particulate Matter: Formation, Composition, and Health Effects

Particulate matter in the atmosphere comes from direct emissions and chemical reactions. These tiny
particles, classified by size and composition, form through processes like nucleation, condensation, and
coagulation. Understanding their formation is crucial for assessing air quality and health impacts.
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Exposure to particulate matter can seriously affect respiratory and cardiovascular health. Weather
conditions play a big role in particle concentrations, with factors like temperature inversions, wind, and
humidity influencing how particles move and accumulate in the air we breathe.

Particulate Matter Formation and Characteristics

Formation of atmospheric particulate matter

* Primary particulate matter directly emitted from sources enters atmosphere as solid or liquid particles
(dust, sea spray, volcanic ash)

» Secondary particulate matter forms through chemical reactions in atmosphere from precursor gases
(sulfur dioxide, nitrogen oxides, ammonia, volatile organic compounds)

* Nucleation creates new particles from gas-phase precursors either homogeneously without
pre-existing particles or heterogeneously on existing particles or surfaces

» Condensation causes gas-phase molecules to adhere to existing particles contributing to particle
growth

« Coagulation occurs when particles collide and merge reducing particle number but increasing particle
size

Classification of particulate matter

» Size classification groups particles by diameter: PM10 (< 10 ym), PM2.5 (< 2.5 pym), ultrafine (< 0.1
Hm)

» Composition classification includes inorganic compounds (sulfates, nitrates, ammonium), organic
compounds (primary and secondary organic aerosols), elemental carbon (soot), crustal materials (soil
dust, minerals), biological materials (pollen, spores, bacteria)

* Particle size distribution modes: nucleation (< 0.01 ym), Aitken (0.01 - 0.1 pm), accumulation (0.1 - 2.5
pm), coarse (> 2.5 um)

Health Effects and Environmental Factors

Health effects of particulate exposure

* Respiratory system impacts include aggravated asthma and bronchitis, decreased lung function,
increased susceptibility to infections

« Cardiovascular system effects encompass increased risk of heart attacks and strokes, irregular
heartbeat, decreased blood oxygen levels

+ Other health concerns involve premature mortality and potential carcinogenic effects

« Particle size influences health impacts: PM2.5 penetrates deeper into lungs and bloodstream, ultrafine
particles potentially cross blood-brain barrier

+ Vulnerable populations face greater risks (children, elderly, individuals with pre-existing conditions)

Particulate matter vs meteorological conditions

» Temperature inversions trap pollutants near ground increasing particulate matter concentrations
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» Wind speed and direction affect particle dispersion: low speeds accumulate particles, high speeds
disperse them, direction transports particles from sources

* Precipitation removes particles through wet deposition and washout effect during rainfall

* Humidity influences particle behavior: high humidity promotes growth and secondary aerosol
formation, low humidity may increase dust resuspension

» Seasonal variations impact particulate levels: winter increases emissions from heating, summer
enhances photochemical reactions

» Atmospheric stability affects vertical mixing: stable conditions reduce mixing leading to higher
concentrations, unstable conditions increase mixing lowering concentrations

» Urban heat island effect creates higher temperatures in urban areas potentially increasing secondary
particulate formation

3.4 Urban Air Quality Management and Control Strategies

Urban air pollution stems from various sources, including vehicles, industries, and natural phenomena.
These pollutants harm human health and the environment. Managing air quality requires a multi-faceted
approach, combining regulations, technology, and public awareness to reduce emissions and improve air
quality.

Strategies to combat urban air pollution range from strict emission standards to innovative urban planning.
Case studies from cities like Los Angeles and Beijing show that sustained efforts can lead to significant
improvements. Evaluating these measures helps refine approaches and achieve cleaner air for urban
populations.

Urban Air Pollution Sources and Management

Sources of urban air pollution

* Mobile sources emit pollutants from vehicles in motion

» On-road vehicles produce exhaust emissions and particulate matter (cars, trucks, buses)
« Off-road vehicles contribute to construction site pollution (bulldozers, cranes)

« Aircraft release greenhouse gases and particulates during takeoff and landing

« Stationary sources generate pollution from fixed locations

« Industrial facilities release various pollutants through manufacturing processes (chemical plants,
refineries)

» Power plants emit sulfur dioxide and nitrogen oxides from fossil fuel combustion

* Residential heating and cooking produce indoor and outdoor air pollution (fireplaces, gas stoves)
* Area sources cover larger geographic regions

« Agricultural activities release ammonia and particulate matter (livestock farms, crop burning)

+ Construction and demolition generate dust and particulate matter

* Solvent use in households and businesses emits volatile organic compounds (VOCs)

* Natural sources contribute to background pollution levels
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* Wildfires release smoke and particulate matter, impacting air quality over large areas
+ Dust storms transport fine particles over long distances

+ Volcanic eruptions emit sulfur dioxide and ash into the atmosphere

Strategies for air quality management

» Regulatory frameworks establish legal basis for pollution control

* Clean Air Act provides comprehensive air quality legislation in the USA

+ National Ambient Air Quality Standards (NAAQS) set limits for six criteria pollutants
» Emission standards for vehicles and industries regulate specific pollution sources

» Command and control measures enforce direct regulations

* Permitting systems for industrial facilities limit emissions from large point sources

» Mandatory vehicle inspections ensure compliance with emission standards

* Fuel quality regulations reduce sulfur content in gasoline and diesel

» Economic instruments incentivize pollution reduction

» Emission trading systems create market-based approach to pollution control (cap-and-trade)
« Carbon taxes put a price on greenhouse gas emissions

« Congestion pricing reduces traffic and associated emissions in urban centers

* Technological solutions mitigate pollution at the source

« Catalytic converters reduce harmful emissions from vehicle exhaust

* Scrubbers in industrial stacks remove pollutants from flue gases

» Low-emission vehicles utilize alternative fuels or electric powertrains

* Urban planning and design integrate pollution reduction into city development

» Green spaces and urban forests improve air quality through natural filtration

* Transit-oriented development reduces car dependency and associated emissions

* Pedestrian and bicycle infrastructure promotes non-motorized transportation

* Public awareness and education campaigns promote behavioral changes

« Air quality index reporting informs public about daily pollution levels

+ Carpooling and public transit promotion encourages sustainable transportation choices

 Energy conservation programs reduce emissions from power generation

Evaluation and Case Studies

Effectiveness of pollution control measures

* Tropospheric ozone reduction strategies target precursor emissions
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* VOC emission controls limit ozone formation from industrial and consumer products
* NOx emission controls reduce ozone precursors from combustion sources

« Stage Il vapor recovery systems at gas stations capture VOCs during refueling
» Reformulated gasoline decreases ozone-forming potential of vehicle emissions
« Particulate matter reduction strategies focus on filtration and prevention

* Diesel particulate filters trap soot from diesel engine exhaust

« Electrostatic precipitators remove fine particles from industrial emissions

» Baghouse filters capture dust and particulates in industrial processes

* Road dust control measures include street sweeping and dust suppressants

« Effectiveness metrics assess impact of control measures

* Ambient air quality measurements track changes in pollutant concentrations

» Emission inventories quantify reductions in total pollutant releases

* Health impact assessments evaluate improvements in public health outcomes

+ Cost-benefit analysis determines economic efficiency of control measures

Case studies in air quality improvement

* Los Angeles, USA tackled severe smog problem

* Historical smog problem peaked in mid-20th century

» Comprehensive emission control programs targeted vehicles and industries

« Significant air quality improvements achieved over decades of sustained effort

» Mexico City, Mexico implemented innovative transportation policies

* "Hoy No Circula" (No-drive days) program restricted vehicle use based on license plates
* Public transportation improvements expanded metro and bus rapid transit systems

* Industrial relocation moved polluting industries away from urban center

* Beijing, China addressed air pollution through short and long-term measures

* Air pollution control measures for 2008 Olympics demonstrated rapid improvement potential
* Long-term air quality action plan set targets for PM2.5 reduction

+ Coal-to-gas conversion for heating reduced winter smog episodes

* London, UK focused on vehicle emission reductions

* Low Emission Zone (LEZ) restricted high-polluting vehicles in greater London area

* Ultra Low Emission Zone (ULEZ) imposed stricter standards in central London

» Congestion charging scheme reduced traffic and associated emissions in city center

» Tokyo, Japan targeted diesel emissions and promoted cleaner technologies
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* Diesel vehicle regulations phased out older, high-polluting trucks and buses
» Promotion of low-emission vehicles incentivized adoption of hybrid and electric cars

* Industrial pollution control measures reduced emissions from factories and power plants
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Unit 4 — Aquatic Chemistry: Processes in
Surface Waters

4.1 Acid-Base Chemistry and Carbonate Systems in Natural Waters

Carbonate chemistry plays a crucial role in aquatic systems, acting as a natural buffer to maintain stable
pH levels. This delicate balance involves the interplay of dissolved CO2, carbonic acid, bicarbonate, and
carbonate ions, which react dynamically to neutralize acids and bases.

Understanding carbonate chemistry is essential for assessing environmental impacts on water bodies. Acid
rain and rising CO2 levels can disrupt this balance, leading to acidification of surface waters and oceans,
with far-reaching consequences for aquatic ecosystems and marine life.

Carbonate Chemistry in Aquatic Systems

Carbonate ions in water buffering
+ Carbonate system components interact dynamically maintaining water pH
* Dissolved CO2 reacts with water forming carbonic acid
« Carbonic acid (H2CO3) dissociates into bicarbonate and hydrogen ions
* Bicarbonate ion (HCO3-) further dissociates into carbonate and hydrogen ions
+ Carbonate ion (CO32-) combines with excess hydrogen ions
« Buffer mechanism neutralizes acids and bases maintaining stable pH in natural waters (lakes, oceans)
 Carbonate equilibrium reactions shift based on pH changes
+CO2 + H20=H2CO03
+H2CO3=H + + HCO3 -
+HCO3 —=2H + + C0O32 —
* Le Chatelier's principle drives equilibrium shifts counteracting pH changes (addition of acid or base)

« Alkalinity measures water's capacity to neutralize acids primarily determined by carbonate and
bicarbonate concentrations (coral reefs, limestone caves)

pH calculation of natural waters
» Carbonate system equilibrium constants govern reactions
+ K1 (first dissociation constant) for H2CO3 dissociation
» K2 (second dissociation constant) for HCO3- dissociation
« Alkalinity equation balances charged species
«[Alk] =[HCO3 - ]+ 2[CO32 -]+ [OH—-]—-[H +]

+ Dissolved Inorganic Carbon (DIC) equation sums carbonate species
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«[DIC]=[CO2]+[HCO3 -]+ [C0O32 -]

« pH calculation steps involve iterative process 1. Determine total alkalinity through titration 2. Measure
DIC concentration using specialized techniques 3. Use equilibrium constants and mass balance
equations 4. Solve for [H+] using iterative methods or software (PHREEQC, CO2SYS)

* Bjerrum plot graphically represents carbonate species distribution vs pH helping visualize dominant
species at different pH levels

Environmental Impacts on Aquatic pH

Acid rain effects on surface waters

* Acid rain forms when SO2 and NOx emissions react with atmospheric water vapor (industrial
emissions, vehicle exhaust)

« Surface water chemistry altered by acid rain

» Lowered pH stresses aquatic organisms

* Reduced alkalinity diminishes buffering capacity

* Increased aluminum mobilization toxic to fish and plants

* Biological impacts include fish mortality and ecosystem disruption (Adirondack lakes, Scandinavian
forests)

« Acid neutralizing capacity (ANC) measures water's ability to neutralize acid inputs related to alkalinity
and mineral content

* Regional variations in acid rain impacts depend on geology and soil composition
« Sensitive ecosystems (granite bedrock) more vulnerable

* Resistant ecosystems (limestone areas) better buffered

CO2 levels vs aquatic pH

» Ocean acidification occurs as increased atmospheric CO2 dissolves in water shifting carbonate
equilibrium

* Henry's Law describes relationship between gas partial pressure and dissolved concentration driving
CO2 absorption

» Changes in ocean chemistry result from acidification

* Decreased pH stresses marine life

* Reduced carbonate ion concentration limits shell formation

* Lowered calcium carbonate saturation state threatens coral reefs

» Marine organisms impacted by acidification

« Calcifying organisms (corals, mollusks) struggle to build shells and skeletons
* Altered ecosystem dynamics affect food webs

» Feedback mechanisms influence acidification process
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* Biological pump removes CO2 from surface waters

» Carbonate compensation depth determines CaCQO3 preservation
+ Long-term consequences of ocean acidification

* Potential for runaway acidification if buffers overwhelmed

* Implications for global carbon cycle and climate regulation

4.2 Redox Processes and Oxygen Dynamics in Aquatic Environments

Redox processes and oxygen dynamics shape aquatic environments. These factors influence chemical
reactions, nutrient cycles, and organism survival in water bodies. Understanding these processes helps us
grasp how aquatic ecosystems function and respond to changes.

Redox potential measures electron transfer tendencies, affecting element behavior in water. Oxygen
solubility varies with temperature, pressure, and salinity. Photosynthesis and respiration drive oxygen
levels, while stratification impacts its distribution in water columns.

Redox Processes in Aquatic Environments

Redox potential in aquatic chemistry

* Redox potential (Eh) measures chemical species tendency to acquire electrons expressed in volts or
millivolts

* Indicates oxidizing or reducing conditions in water bodies influencing solubility and mobility of
elements (Fe, Mn)

« Affects speciation of metals and nutrients altering their bioavailability and toxicity

* Measured using platinum electrode method with reference electrodes (hydrogen electrode, calomel
electrode)

» Eh-pH diagrams (Pourbaix diagrams) visually represent stable species under different Eh and pH
conditions

» Redox couples in aquatic systems include O2/H20, Fe3+/Fe2+, NO3-/NO2-

* Impacts biogeochemical cycles regulating carbon, nitrogen, and sulfur transformations in aquatic
environments

Oxygen Dynamics in Aquatic Environments

Factors of oxygen solubility

» Temperature inversely relates to oxygen solubility cold water holds more dissolved oxygen

» Atmospheric pressure increases oxygen solubility higher pressure leads to greater dissolution
« Salinity decreases oxygen solubility freshwater holds more oxygen than seawater

+ Altitude reduces oxygen solubility due to lower atmospheric pressure at higher elevations

» Mixing and turbulence enhance oxygen transfer from atmosphere to water through increased surface
area contact
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* Biological activity affects oxygen levels photosynthesis increases while respiration decreases
concentrations

« Diffusion moves oxygen from areas of high to low concentration maintaining equilibrium in water
column

Photosynthesis vs respiration in oxygen dynamics

« Photosynthesis produces oxygen as byproduct 6CO2 + 6H20 + lightenergy—»C6H1206 + 602

 Primary producers (phytoplankton, algae, aquatic plants) drive photosynthetic oxygen production
* Diurnal variations occur in oxygen levels peak during daylight hours

« Respiration consumes oxygen C6H1206 + 602-6C02 + 6H20 + energy

« All aquatic organisms perform respiration including bacterial decomposition of organic matter

* Net primary production balances photosynthesis and respiration determining overall oxygen
availability

* Trophic state influences oxygen dynamics: 1. Oligotrophic systems have low productivity and high
oxygen levels 2. Eutrophic systems have high productivity with potential for oxygen depletion

» Seasonal variations affect oxygen levels: 1. Spring and fall turnover in temperate lakes redistribute
oxygen 2. Summer stratification and winter ice cover impact oxygen distribution

Stratification impact on oxygen levels

» Thermal stratification creates distinct layers in water bodies: 1. Epilimnion: upper, warm, well-mixed
layer 2. Metalimnion (thermocline): transition layer with rapid temperature change 3. Hypolimnion:
bottom, cold, dense layer

* Density differences prevent mixing between layers limiting oxygen transfer to deeper waters

* Oxygen distribution in stratified waters varies epilimnion well-oxygenated, hypolimnion prone to
oxygen depletion

» Seasonal patterns include summer stratification in temperate lakes and winter inverse stratification in
cold regions

« Clinograde oxygen curve shows decreasing oxygen concentration with depth in stratified lakes

* Oxygen depletion in hypolimnion leads to: 1. Release of nutrients from sediments (internal loading) 2.
Formation of reduced compounds (H2S, CH4) 3. Fish kills and habitat loss

* Management strategies address stratification-related issues: 1. Artificial aeration or oxygenation 2.
Hypolimnetic withdrawal 3. Destratification techniques

4.3 Nutrient Cycling and Eutrophication in Surface Waters

Aquatic ecosystems rely on a delicate balance of nutrients. Nitrogen, phosphorus, and carbon fuel life,
while micronutrients like iron and silica play crucial roles. Organic matter from decomposition supports the
food web.

Excess nutrients can lead to eutrophication, causing algal blooms and habitat loss. Managing this involves
reducing nutrient sources, in-lake treatments, and watershed protection. Monitoring helps track progress
and detect issues early.
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Nutrient Cycling in Aquatic Ecosystems

Primary nutrients in aquatic ecosystems

» Macronutrients

+ Nitrogen (N) enters ecosystems through atmospheric deposition, agricultural runoff, wastewater
discharge

* Phosphorus (P) originates from rock weathering, agricultural activities, detergents, sewage effluent

« Carbon (C) cycles through atmospheric CO2 exchange, organic matter decomposition, terrestrial
runoff

* Micronutrients

« Iron (Fe) becomes available through rock weathering, atmospheric deposition (dust)
« Silica (Si) derives from silicate rock weathering, diatom shell decomposition

* Organic nutrients

+ Dissolved organic matter (DOM) results from plant and animal decomposition, algal exudates,
supporting microbial growth

Process and impacts of eutrophication

« Eutrophication involves excessive nutrient enrichment in aquatic ecosystems

« Causes stem from increased nutrient inputs (N and P) due to agriculture, urbanization, industrial
discharges

» Consequences include:

« Algal blooms reduce water clarity, deplete oxygen in deeper waters

» Species composition shifts favor cyanobacteria dominance in freshwater (Microcystis)
» Habitat degradation leads to loss of submerged vegetation (eelgrass)

* Certain algal species produce toxins (domoic acid)

» Economic impacts reduce recreational value, increase water treatment costs

Nitrogen and phosphorus cycles
* Nitrogen cycle
* Fixation converts N2 to bioavailable forms through cyanobacteria, bacteria, lightning
+ Assimilation incorporates inorganic N into organism biomass
» Ammonification decomposes organic N to ammonia
 Nitrification oxidizes ammonia to nitrate: NH,;” + 20, 2 NO; + H,0+2H ™

Denitrification reduces nitrate to N2 gas: 2NO5” + 10e =~ + 12H* - N, + 6H,0
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Phosphorus cycle
» Lacks gaseous component, primarily rock weathering source
» Organisms uptake and incorporate P into biomass
» Sedimentation deposits organic and inorganic P
» Remineralization releases phosphate from sediments

+ Adsorption-desorption exchanges dissolved and particulate forms

Strategies for nutrient control

+ Source reduction

« Agricultural best practices include precision fertilizer application, buffer strips
» Wastewater treatment improvements implement tertiary P removal, biological nutrient removal
* In-lake management

« Aeration oxygenates bottom waters

» Chemical treatments use aluminum sulfate for P precipitation

+ Biomanipulation introduces grazing organisms (Daphnia) to control algae

» Watershed management

» Wetland restoration and construction filter nutrients

* Erosion control measures reduce sediment-bound nutrient transport

+ Policy and regulations

* Phosphate detergent bans limit P inputs

* Nutrient trading programs incentivize reduction efforts

* Monitoring and assessment

* Regular water quality testing tracks nutrient levels

* Remote sensing enables early algal bloom detection (satellite imagery)

4.4 Trace Metal Speciation and Bioavailability in Aquatic Systems

Trace metals in water bodies exist in various forms, affecting their impact on ecosystems. Their distribution
depends on factors like pH, organic matter, and competing ions. Understanding these interactions is
crucial for assessing metal toxicity and environmental fate.

Metal speciation influences bioavailability and toxicity in aquatic systems. pH and organic matter play key
roles, with low pH increasing free metal ions and organic complexes generally reducing bioavailability.
These factors shape metal behavior in water bodies.
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Trace Metal Speciation in Aquatic Systems

Trace metal speciation fundamentals

* Trace metal speciation distributes metals among different chemical forms in a system encompassing
free metal ions, inorganic complexes, and organic complexes

» Determines metal bioavailability and toxicity influencing transport and fate in water bodies
« Affects metal interactions with sediments and suspended particles altering ecosystem dynamics

« Common trace metals include copper, zinc, lead, cadmium, and mercury with varying environmental
impacts

« Chemical forms comprise free metal ions (Cu?*, Zn2*), inorganic complexes (CuCO3, ZnCI ),
and organic complexes (metal-humic acid complexes)

Factors in metal bioavailability

» Water chemistry parameters like pH, hardness (calcium and magnesium concentrations), and
alkalinity shape metal behavior

« Competing ions such as major cations (Ca® ™", Mg2 *Na ™) and other trace metals influence metal
uptake

» Ligand concentration and type including inorganic (chloride, carbonate, sulfate) and organic ligands
(humic substances, amino acids) affect metal speciation

* Physical factors encompass temperature and light intensity modifying chemical reactions
* Biological factors involve microorganisms and algal blooms altering local water chemistry

« Particle interactions through adsorption to suspended solids and colloidal particles impact metal
distribution

Metal Speciation and Environmental Factors

pH and redox effects

* pH influences metal solubility, hydrolysis reactions, and proton competition for binding sites
» Redox conditions determined by oxidation-reduction potential (ORP) affect metal oxidation states
» Low pH increases free metal ion concentration while high pH promotes metal hydroxide formation

+ Oxidizing conditions form less soluble species whereas reducing conditions create more soluble
species

* Free metal ions generally exhibit highest toxicity with speciation changes altering bioavailability
Organic matter's role in metal behavior

* Dissolved organic matter (DOM) includes humic substances (humic and fulvic acids) and non-humic
substances (proteins, carbohydrates)

» Metal-DOM complexation forms stable organic complexes reducing free metal ion concentration

* Increases metal solubility enhancing transport in water column
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» Generally decreases metal bioavailability but can increase for some organisms
» DOM concentration, composition, metal-to-ligand ratio, and cation competition influence interactions

» Mitigates metal toxicity and alters metal distribution in aquatic ecosystems
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Unit 5 — Aquatic Chemistry: Groundwater
Processes

5.1 Groundwater Geochemistry and Water-Rock Interactions

Groundwater composition is shaped by complex chemical processes. As water moves through aquifers, it
interacts with minerals, dissolving them and exchanging ions. These interactions determine water
hardness, pH, and the presence of trace elements.

Chemical weathering plays a crucial role in groundwater chemistry. Minerals dissolve and precipitate
based on their solubility, influenced by factors like pH and redox potential. Understanding these processes
is key to managing groundwater quality and predicting contaminant behavior.

Groundwater Composition and Chemical Processes

Chemical constituents of groundwater

* Major cations include calcium, magnesium, sodium, and potassium drive water hardness and salinity

* Principal anions encompass bicarbonate, chloride, sulfate, and nitrate influence pH and buffering
capacity

* Trace elements like iron, manganese, fluoride, and arsenic impact water quality and potential health
effects

+ Dissolution of minerals releases ions into solution alters groundwater chemistry over time

* lon exchange processes on clay surfaces modify cation ratios affect water hardness

* Redox reactions transform chemical species control mobility of metals (iron, manganese)

* Microbial activity mediates biogeochemical processes influences nutrient cycling (nitrogen, sulfur)
+ Aquifer lithology determines available minerals for dissolution shapes overall water composition

* Residence time allows for increased water-rock interactions leads to higher dissolved solids

* Recharge sources introduce different chemical signatures affect groundwater quality (surface water,
precipitation)

« Climate and precipitation patterns influence dissolution rates impact mineral weathering intensity

Water-rock interactions in groundwater
» Carbonate minerals (calcite, dolomite) dissolution buffers pH increases water hardness
« Silicate minerals (feldspars, quartz) weathering releases cations contributes to overall dissolved solids
« Evaporite minerals (gypsum, halite) dissolution increases salinity affects water quality
+ Clay minerals facilitate cation exchange processes modify groundwater composition
* lon exchange impacts water hardness by replacing calcium and magnesium with sodium

« Surface complexation on mineral surfaces adsorbs trace elements affects contaminant mobility
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» pH-dependent adsorption of trace elements influences their concentration in groundwater
« Iron and manganese oxidation/reduction alters water color and taste affects water treatment needs

« Sulfate reduction in anaerobic environments produces hydrogen sulfide causes odor issues

Chemical Weathering and Mineral Solubility

Chemical weathering in groundwater

* Hydrolysis of silicate minerals breaks down feldspars forms clay minerals (kaolinite, smectite)

« Silicate weathering releases cations (Na+, K+, Ca2+, Mg2+) into solution increases total dissolved
solids

» Carbonation reactions dissolve carbonate rocks (limestone, dolomite) enhance aquifer porosity

* Dissolved CO2 forms carbonic acid accelerates weathering of both carbonate and silicate minerals
+ Oxidation of sulfide minerals (pyrite) releases metals and acidity can lead to acid mine drainage

+ Acid-base reactions neutralize acidic waters through dissolution of carbonate minerals

* pH buffering in groundwater systems maintains stable chemical conditions affects metal solubility

Mineral solubility in groundwater

« Solubility product constant (Ksp) determines mineral dissolution equilibrium predicts saturation states
« lon activities in solution control mineral precipitation or dissolution affects water chemistry

« Common ion effect reduces mineral solubility when ions are already present (calcite in gypsum-rich
waters)

+ pH influences mineral solubility by affecting protonation state of dissolved species

* Acid-base equilibria in groundwater control carbonate system speciation (CO2, HCO3-, CO32-)

» pH-dependent solubility of metal hydroxides affects mobility of trace metals (aluminum, iron)

» Complexation reactions form aqueous complexes increase apparent solubility of metals

» Metal-organic complexes enhance mobility of trace elements in groundwater

» Redox potential (Eh) controls speciation of redox-sensitive elements (iron, manganese, sulfur)

» Eh-pH diagrams predict mineral stability and dominant aqueous species in different environments

» Temperature affects mineral solubility constants typically increases solubility with rising temperature

» Geothermal systems exhibit unique water chemistry due to elevated temperatures and pressure

5.2 Redox Processes and Contaminant Transformation in Aquifers

Groundwater systems are dynamic environments where chemical reactions shape water quality. Redox
processes, driven by electron transfers, control the fate of contaminants and nutrients. These reactions,
often catalyzed by microbes, create distinct zones with unique chemical characteristics.

Understanding redox in aquifers is crucial for managing water resources and cleaning up pollution.
Different redox conditions transform contaminants in various ways, affecting their mobility and toxicity. This
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knowledge helps us predict how pollutants will behave and design effective cleanup strategies.

Redox Processes in Groundwater Systems

Redox processes in groundwater

» Reduction-oxidation reactions transfer electrons between chemical species
+ Control chemical speciation of elements influence solubility and mobility of contaminants
« Affect biogeochemical cycling of nutrients (carbon, nitrogen, phosphorus)

« Electron acceptors in groundwater include oxygen, nitrate, manganese oxides, iron oxides, sulfate,
carbon dioxide

* Redox potential (Eh) measures system's tendency to accept or donate electrons expressed in volts or
millivolts

* pH interacts with Eh to determine dominant redox species affects reaction rates and equilibria

Microbial activity in aquifer redox

* Microbial catalysis accelerates redox reactions enables thermodynamically favorable but kinetically
slow processes

* Electron donors include organic matter (dead biomass, hydrocarbons) and reduced inorganic
compounds (hydrogen sulfide, ferrous iron)

* Microbial respiration oxidizes electron donors reduces electron acceptors generates energy for growth

* Biogeochemical cycles driven by microbial activity include carbon (CO2 fixation, methanogenesis),
nitrogen (nitrification, denitrification), sulfur (sulfate reduction, sulfur oxidation), iron (iron reduction, iron
oxidation)

 Microbial communities adapt to available electron acceptors form succession based on redox
conditions (aerobes to anaerobes)

Contaminant Transformation in Aquifers

Major redox zones and contaminants

» Oxic zone contains dissolved oxygen supports aerobic respiration oxidizes organic contaminants
(BTEX, phenols)

* Nitrate-reducing zone denitrifies NO3- to N2 transforms nitrate-based contaminants (agricultural
runoff)

* Manganese-reducing zone reduces Mn(lV) to Mn(ll) mobilizes manganese affects metal contaminants
* Iron-reducing zone reduces Fe(lll) to Fe(ll) transforms iron-bound contaminants (arsenic, phosphates)
« Sulfate-reducing zone produces sulfide precipitates metal sulfides (lead, zinc, copper)

» Methanogenic zone generates methane reductively dechlorinates organic contaminants (TCE, PCE)
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Impact of redox on contaminants

» Organic contaminants biodegradation rates vary with redox conditions 1. Reductive dechlorination in
anaerobic zones (PCE to TCE to DCE to VC) 2. Oxidative degradation in aerobic zones (BTEX
compounds)

* Inorganic contaminants speciation changes affect mobility 1. Arsenic: As(V) to As(lll) under reducing
conditions increases solubility 2. Chromium: Cr(VI) to Cr(lll) under reducing conditions decreases
mobility

» Redox-sensitive processes include sorption/desorption, precipitation/dissolution, complexation affect
contaminant transport

* Natural attenuation driven by redox transformations immobilizes contaminants in reducing zones

* Plume behavior shows redox zonation along flow path leads to sequential degradation of
contaminants

* Remediation strategies manipulate redox conditions through biostimulation (electron donor addition)
or bioaugmentation (microbial inoculation)

5.3 Sorption and lon Exchange Processes in Groundwater Systems

Sorption processes play a crucial role in groundwater systems, affecting contaminant mobility and water
quality. These processes involve adsorption, absorption, and ion exchange, which determine how
substances interact with solid surfaces in aquifers.

Various factors influence sorption and ion exchange in groundwater, including surface area, pH,
temperature, and mineral composition. Understanding these mechanisms is essential for predicting
contaminant transport and developing effective remediation strategies in groundwater management.

Sorption Processes in Groundwater Systems

Sorption and ion exchange processes

+ Sorption encompasses dissolved substances adhering to solid surfaces through adsorption,
absorption, and ion exchange

+ Adsorption accumulates substances on solid surfaces via physical or chemical bonding mechanisms
* Absorption incorporates substances into the bulk of a solid material

* lon exchange involves reversible swapping of ions between solid phase and aqueous solution
maintaining charge balance

Mechanisms of sorption

* Physical sorption (physisorption) uses weak van der Waals forces creating reversible process with
limited long-term impact on contaminant mobility

» Chemical sorption (chemisorption) forms strong chemical bonds between sorbate and sorbent often
irreversibly reducing contaminant mobility significantly

« Electrostatic attraction influences sorption of ionic species through interaction between charged
particles and surfaces
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» Hydrophobic interactions attract non-polar compounds to solid surfaces impacting organic
contaminants (pesticides, PCBs)

Factors Affecting Sorption and lon Exchange

Factors controlling sorption reactions

« Surface area of sorbent increases sorption capacity as larger area provides more binding sites

 pH of aqueous solution affects surface charge of sorbents and influences speciation of contaminants
(metals, organic acids)

» Temperature generally decreases sorption at higher levels due to increased molecular motion

« lonic strength impacts electrostatic interactions between ions and surfaces

* Presence of competing ions reduces sorption of target contaminants through site competition

» Organic matter content enhances sorption of hydrophobic compounds (PAHSs, chlorinated solvents)

» Mineral composition of aquifer material determines varying sorption capacities (clay minerals, iron
oxides)

+ Contact time allows for more complete sorption as longer periods enable diffusion into pore spaces

lon exchange in groundwater chemistry

+ Cation exchange capacity (CEC) measures soil's ability to hold positively charged ions affecting
retention of metal cations (Ca%, Mg*, Na*)

+ Anion exchange capacity (AEC) represents ability to hold negatively charged ions important for
oxyanions (NOs~, PO4*)

« Selectivity coefficients describe preference of exchange sites for different ions influencing competition
(K* vs Na*)

+ Impact on water hardness through exchange of calcium and magnesium with sodium in water
softening processes

* pH buffering helps maintain stable pH in groundwater through ion exchange reactions

» Contaminant retardation slows movement of ionic contaminants in aquifers (heavy metals,
radionuclides)

» Breakthrough curves describe contaminant transport affected by ion exchange characterized by C/Co
vs pore volumes

» Regeneration of exchange sites occurs through natural flushing or artificial remediation processes
(pump and treat)

* Impact on redox conditions through exchange of redox-sensitive ions affects groundwater chemistry
(Fe**/Fe®*, Mn?*/Mn**)
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Unit 6 — Water Pollution: Contaminant
Fate & Transport

6.1 Contaminant Sources, Types, and Environmental Behavior

Water contaminants come from various sources, both point and non-point. They include inorganic, organic,
and biological pollutants that can harm ecosystems and human health. Understanding their origins helps
us tackle water pollution effectively.

Once in water, contaminants undergo physical, chemical, and biological processes that affect their fate and
distribution. Factors like solubility, environmental conditions, and water body characteristics influence how
pollutants behave and impact aquatic systems.

Sources and Behavior of Water Contaminants

Sources of water contaminants
* Point sources directly discharge pollutants into water bodies from specific locations
* Industrial discharges release chemicals and waste products from manufacturing processes
* Municipal wastewater treatment plants emit treated sewage containing residual contaminants
» Combined sewer overflows occur during heavy rainfall, releasing untreated sewage and stormwater
» Non-point sources contribute pollutants from diffuse areas over large regions
« Agricultural runoff carries fertilizers, pesticides, and animal waste into water systems
» Urban stormwater washes oil, grease, and debris from impervious surfaces into waterways
» Atmospheric deposition transports airborne pollutants that settle into water bodies (acid rain)
+ Categories of contaminants encompass various pollutant types affecting water quality
* Inorganic contaminants include metals and nutrients impacting aquatic ecosystems
» Heavy metals bioaccumulate in organisms (lead, mercury, arsenic)
* Nutrients cause eutrophication and algal blooms (nitrogen, phosphorus)
+ Organic contaminants persist in the environment and affect living organisms
* Pesticides harm non-target species and disrupt ecosystems
* Polychlorinated biphenyls accumulate in fatty tissues and biomagnify in food chains
» Pharmaceuticals and personal care products alter aquatic organism behavior and physiology
» Pathogens cause waterborne diseases and infections
* Bacteria lead to gastrointestinal illnesses (E. coli)
* Viruses spread through contaminated water (hepatitis A)

* Protozoa cause severe diarrheal diseases (Giardia)
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* Emerging contaminants pose new challenges to water quality management
* Microplastics accumulate in aquatic environments and enter food chains

* Per- and polyfluoroalkyl substances persist in the environment and impact human health

Fate of aquatic contaminants

* Physical processes transport and distribute contaminants in water bodies

» Advection moves pollutants with water flow, spreading contamination downstream

* Dispersion causes contaminants to spread due to variations in water velocity and turbulence
« Diffusion drives the movement of contaminants from areas of high to low concentration

» Chemical processes alter contaminant properties and behavior in aquatic systems

« Sorption attaches contaminants to particles or sediments, affecting their mobility

* Precipitation forms solid particles from dissolved contaminants, influencing their availability
* Redox reactions change oxidation states, impacting contaminant solubility and toxicity

* Biological processes transform and accumulate contaminants in living organisms

* Biodegradation breaks down organic contaminants through microbial activity

* Bioaccumulation concentrates contaminants in organisms over time

+ Biomagnification increases contaminant levels up the food chain, affecting top predators

Distribution of water pollutants

* Physical properties of contaminants influence their behavior in aquatic environments
* Solubility determines how readily contaminants dissolve in water (polar vs non-polar compounds)
* Volatility affects the tendency of contaminants to evaporate from water surfaces

+ Octanol-water partition coefficient (Kow) measures hydrophobicity, predicting partitioning between
water and organic phases

» Environmental conditions impact contaminant fate and transport

+ pH alters contaminant solubility and speciation, affecting bioavailability

» Temperature influences reaction rates and solubility of gases and some compounds

* Dissolved oxygen levels impact redox reactions and biodegradation processes

+ Characteristics of the water body affect contaminant distribution and persistence

* Residence time determines how long contaminants remain in a water system

« Stratification creates layers with different contaminant concentrations based on temperature or density
» Sediment composition influences sorption and desorption processes of contaminants

+ Hydrological factors shape contaminant movement and concentration

* Flow rate affects dilution and transport of contaminants in rivers and streams
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* Mixing patterns influence the distribution of contaminants in lakes and reservoirs
* Biological activity alters contaminant behavior in aquatic ecosystems
* Presence of degrading microorganisms breaks down certain organic contaminants

* Bioturbation mixes sediments, redistributing contaminants in bottom layers

Impacts of water contamination

* Ecological impacts disrupt aquatic ecosystems and biodiversity

« Eutrophication causes algal blooms, depleting oxygen and creating dead zones

+ Bioaccumulation in aquatic organisms affects entire food webs

» Endocrine disruption in wildlife alters reproductive patterns and development

» Habitat degradation reduces suitable living spaces for aquatic species

* Human health impacts pose risks through various exposure routes

+ Acute toxicity causes immediate effects from high-dose exposure (chemical spills)

* Chronic toxicity results in long-term effects from low-dose exposure over time

« Carcinogenicity increases cancer risk in exposed populations

» Reproductive and developmental effects impact fetal development and fertility

» Exposure pathways determine how contaminants reach human populations

* Direct ingestion of contaminated water occurs through drinking or cooking

» Consumption of contaminated fish or shellfish bioaccumulates toxins in humans

» Dermal contact during recreational activities exposes skin to waterborne contaminants
* Vulnerable populations face higher risks from water contamination

« Children and infants have developing organ systems more susceptible to toxins

* Pregnant women can transfer contaminants to developing fetuses

» Immunocompromised individuals have reduced ability to fight waterborne pathogens

* Risk assessment methods evaluate potential hazards and guide management decisions 1. Hazard
identification determines contaminant presence and potential effects 2. Dose-response assessment
establishes relationships between exposure levels and health outcomes 3. Exposure assessment
quantifies human contact with contaminants 4. Risk characterization combines previous steps to
estimate overall health risks

6.2 Advection, Dispersion, and Diffusion in Aquatic Systems

Water pollution moves through aquatic systems in complex ways. Advection, dispersion, and diffusion
transport contaminants differently, affecting how far and fast they spread. Understanding these processes
helps predict and manage pollution's impact on water bodies.

Mathematical models and equations describe contaminant transport, allowing scientists to calculate
concentrations over time and space. Factors like flow velocity, turbulence, and mixing processes influence
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how pollutants move and behave in various aquatic environments.

Transport Processes in Aquatic Systems

Advection, dispersion, and diffusion concepts

+ Advection transports contaminants via bulk fluid motion primarily moving pollutants long distances in
rivers and streams (Mississippi River)

* Dispersion spreads contaminants due to velocity variations caused by turbulence and shear stress
mixing pollutants in complex flow patterns (urban stormwater runoff)

« Diffusion moves contaminants from high to low concentration areas through random molecular motion
significant in slow or stagnant waters (pollutant gradient in a lake)

Mathematical models for contaminant transport

* One-dimensional advection-dispersion equation describes concentration changes over time and
aC — aC a’c
space 3t = —Vgx + D75

* C represents contaminant concentration

« t denotes time

* v indicates average flow velocity

* X measures distance

* D signifies dispersion coefficient

« Fick's first law of diffusion quantifies diffusive flux | = =D&

« J represents diffusive flux

« Darcy's law for groundwater flow calculates specific discharge 9 = —K%
* q denotes specific discharge

» K represents hydraulic conductivity

« dh/dl indicates hydraulic gradient

Factors Affecting Contaminant Transport

Flow effects on contaminant movement

* Flow velocity increases advective transport rate and affects contaminant residence time in systems
(fast-flowing rivers vs. slow-moving estuaries)

* Turbulence enhances mixing, dispersion, and increases effective diffusion coefficient (whitewater
rapids)

» Mixing processes include: 1. Vertical mixing in rivers and lakes 2. Lateral mixing in wide channels 3.
Tidal mixing in estuaries

+ Reynolds number indicates flow regime using formula Re = u

+ v denotes flow velocity
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* L represents characteristic length

+ v signifies kinematic viscosity

Factors in plume behavior

 Plume characteristics shape and extent influenced by dominant transport processes creating
concentration gradients (industrial effluent discharge)

« Péclet number measures ratio of advective to diffusive transport P& = %

» Temporal plume evolution shows initial advection dominance with increasing dispersion and diffusion
importance over time

+ Spatial variations in plume behavior include near-field vs. far-field effects and boundary interactions
(shorelines, sediment-water interface)

« Attenuation processes reduce contaminant concentrations through sorption to sediments,
biodegradation, and chemical reactions (oil spill degradation)

6.3 Partitioning and Sorption Processes in Water Pollution

Partitioning and sorption processes play a crucial role in water pollution. These mechanisms determine
how contaminants distribute between different phases in aquatic environments, affecting their fate,
transport, and potential impact on ecosystems.

Understanding these processes is essential for predicting pollutant behavior and developing effective
remediation strategies. Factors like chemical properties, environmental conditions, and sediment
characteristics all influence how contaminants partition and sorb in water systems.

Partitioning and Sorption Processes in Water Pollution

Partitioning and sorption of contaminants

Partitioning distributes contaminants between phases (water, sediment, air, biota) based on physical and
chemical properties and environmental conditions

Sorption attaches contaminants to solid surfaces through adsorption (surface accumulation) or absorption
(bulk incorporation) controlling fate and transport

Sorption represents specific partitioning between aqueous and solid phases influencing contaminant
distribution in aquatic environments

Factors in contaminant partitioning

Chemical properties affect partitioning: hydrophobicity, polarity, molecular size, ionization state

Environmental factors impact distribution: pH, temperature, salinity, dissolved organic matter content
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Sediment characteristics influence sorption: particle size, organic matter, mineral composition, surface
area

Biota factors affect uptake: lipid content, metabolism, bioaccumulation potential

Key partition coefficients: octanol-water (Kow), organic carbon-water (Koc), sediment-water (Kq)
Equilibrium partitioning models

Equilibrium partitioning assumes steady-state conditions with limitations in dynamic systems

Linear partitioning model: Cs = Kq * Cy, predicts solid-water distribution

Freundlich isotherm: ge = K¢ * CX/" describes non-linear adsorption

Langmuir isotherm: e = (@m * KL * Ce)/(1 + KL * Ce) accounts for surface saturation

Models predict contaminant distribution between water-sediment and estimate bioaccumulation

Sorption effects on pollutants

Mobility affected by sorption strength impacting transport and retardation in aquatic systems

Bioavailability influenced by desorption kinetics, speciation, and competing sorbents

Environmental implications include: 1. Contaminant persistence in sediments 2. Long-term release from
sorbed phases 3. Impacts on water quality and ecosystem health

Remediation considerations:
« Sorption-based treatments (activated carbon)
+ Challenges with strongly sorbed contaminants

« Sorption understanding crucial for effective strategies
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6.4 Biodegradation and Transformation of Organic Contaminants

Microorganisms play a crucial role in breaking down pollutants in water. They use enzymes to modify
contaminants, grow on them as food, and form biofilms to enhance degradation. Different species work
together, adapting over time to become more efficient at cleaning up pollution.

Environmental factors like temperature, pH, and nutrients greatly impact how well microbes can degrade
contaminants. Bioremediation strategies can boost natural processes by adding specific microbes or
stimulating existing populations. Monitoring and understanding site characteristics are key to successful
water cleanup.

Principles of Biodegradation and Microbial Processes

Principles of organic contaminant biodegradation

+ Biodegradation breaks down organic compounds through microorganisms (bacteria, fungi)

« Aerobic degradation utilizes oxygen, produces CO2 and water (petroleum hydrocarbons)

» Anaerobic degradation occurs without oxygen, produces methane and CO2 (chlorinated solvents)
* Transformation alters contaminants chemically or physically

+ Biotransformation modifies compounds by living organisms (PCBs to hydroxylated PCBs)

« Abiotic transformation changes due to non-biological factors (UV light, heat)

» Cometabolism degrades non-growth substrate while metabolizing primary substrate (TCE
degradation)

 Mineralization completely breaks down organic compounds into inorganic constituents (CO2, H20,
NH4+)

+ Bioaccumulation accumulates contaminants in living organisms over time (DDT in fish)

Microbial processes in pollutant degradation

* Enzymatic reactions modify contaminant structure

» Oxidation adds oxygen or removes hydrogen (alkanes to alcohols)

+» Reduction adds hydrogen or removes oxygen (nitrobenzene to aniline)

* Hydrolysis breaks chemical bonds by adding water (esters to alcohols and acids)

* Microbial growth and metabolism utilize contaminants as food and energy (PAHSs)

« Extracellular enzymes break down complex molecules outside the cell

+ Biofilm formation attaches microorganisms to surfaces, enhancing degradation (river sediments)

« Syntrophic interactions enable cooperative metabolism between species (anaerobic benzene
degradation)

+ Adaptation and acclimation develop specific degradation pathways over time

* Increased efficiency in contaminant breakdown (pesticide-degrading bacteria)
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Environmental Factors and Bioremediation

Factors affecting aquatic biodegradation

* Environmental conditions impact microbial activity

» Temperature affects growth and enzyme activity (psychrophiles, mesophiles, thermophiles)
* pH influences community composition and enzyme function (acidophiles, neutrophiles, alkaliphiles)
* Dissolved oxygen determines aerobic or anaerobic processes (facultative anaerobes)

« Salinity impacts osmotic stress on microorganisms (halophiles)

* Nutrient availability affects microbial growth and metabolism

* Carbon, nitrogen, and phosphorus ratios (C:N:P = 100:10:1)

* Micronutrients for enzyme cofactors (iron, copper, zinc)

» Contaminant properties determine degradability

» Chemical structure complexity affects breakdown (linear vs branched alkanes)

» Concentration impacts toxicity or insufficiency (hormesis effect)

« Bioavailability reduced by sorption to particles (hydrophobic organic compounds)

* Microbial community characteristics influence degradation potential

« Diversity provides range of metabolic capabilities (consortium vs pure cultures)

* Population density affects degradation rates (quorum sensing)

» Co-contaminants create synergistic or antagonistic effects (heavy metals inhibiting organic
degradation)

Potential for water bioremediation

» Natural attenuation processes reduce contaminant impact

* Dilution decreases concentration through mixing (river systems)

* Dispersion spreads contaminants over larger areas (groundwater plumes)

« Sorption binds contaminants to particles (activated carbon filtration)

* Volatilization removes compounds through evaporation (BTEX compounds)

* Bioremediation strategies enhance contaminant removal

* Bioaugmentation adds specific microorganisms (oil-degrading bacteria for spills)
* Biostimulation enhances native microbial populations (nutrient addition)
 Phytoremediation uses plants for contaminant removal (constructed wetlands)

* Monitoring and assessment track remediation progress

» Chemical analysis measures contaminant concentrations over time
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* Microbial community analysis identifies key degraders (16S rRNA sequencing)

* Biodegradation potential tests evaluate treatment feasibility (microcosm studies)

« Site characteristics affect bioremediation success

» Geology, hydrology, and geochemistry influence contaminant fate and transport

* Regulatory requirements and cleanup goals set treatment targets

« Cost-effectiveness compared to other methods (pump-and-treat, chemical oxidation)
+ Long-term sustainability ensures lasting remediation effects

* Persistence of degradation capabilities monitored over time

* Ecosystem recovery and resilience assessed post-treatment
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Unit 7 — Soil Chemistry: Processes &
Nutrient Cycling

7.1 Soil Composition, Structure, and Physical-Chemical Properties

Soil composition and structure are crucial for plant growth and environmental health. The solid, liquid, and
gaseous phases of soil interact to create a complex ecosystem. Understanding these components helps us
manage soil resources effectively for agriculture and ecosystem preservation.

Soil texture and properties directly impact fertility and plant growth. Particle size distribution affects water
retention, drainage, and nutrient availability. Physical, chemical, and biological properties work together to
create a fertile environment for plants and soil organisms.

Soil Components and Structure

Components of soil composition

* Solid phase occupies 45-50% of soil volume

 Mineral particles form soil skeleton categorized by size (sand 2.0 - 0.05 mm, silt 0.05 - 0.002 mm, clay
< 0.002 mm)

* Organic matter comprises 1-5% by weight including decomposed humus and fresh plant/animal
residues

+ Liquid phase takes up 20-30% of soil volume
+ Soil solution contains dissolved nutrients essential for plant growth
» Gaseous phase fills 20-30% of soil volume

« Soil air consists of oxygen, carbon dioxide, and nitrogen crucial for root respiration and microbial
activity

Effects of soil structure

+ Soil aggregates formed by clay particles, organic matter, and microbial activity influence pore space
distribution

* Pore spaces determine water and air movement

* Macropores improve aeration and drainage (root growth, water infiltration)
» Micropores enhance water retention (plant-available water)

» Water retention affects plant growth

* Field capacity represents maximum water held against gravity

« Wilting point indicates minimum water available to plants

+ Aeration facilitates gas exchange between soil and atmosphere ensuring oxygen availability for root
respiration

* Nutrient availability influenced by
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« Cation exchange capacity (CEC) determines soil's ability to hold nutrients

* Nutrient adsorption on soil particles affects plant uptake

Soil Texture and Properties

Importance of soil texture

« Particle size distribution determines soil classification using soil textural triangle
» Water-holding capacity varies with texture

+ Clay soils exhibit high water retention due to small pore spaces

+ Sandy soils show low water retention because of large pore spaces

+ Drainage characteristics depend on texture

* Coarse-textured soils allow rapid drainage (sandy soils)

* Fine-textured soils lead to slow drainage (clay soils)

* Nutrient retention correlates with texture

* Clay particles provide high surface area and CEC for nutrient holding

» Sandy soils demonstrate low nutrient retention due to large particle size
« Soil workability affected by texture

+ Sandy soils are easy to till and work with

+ Clay soils become difficult to work when wet, requiring careful timing

Properties influencing soil fertility

* Physical properties impact soil structure and plant growth

* Bulk density affects root penetration and water movement

* Porosity determines air and water storage capacity

+ Soil temperature influences microbial activity and nutrient cycling

* Soil color indicates organic matter content and drainage conditions

» Chemical properties regulate nutrient availability

« Soil pH affects nutrient availability (optimal range: 6.0-7.0 for most crops)
« Cation exchange capacity (CEC) measures soil's ability to hold and exchange nutrients
 Organic matter content improves soil structure and nutrient retention

* Electrical conductivity indicates soil salinity levels

* Nutrient availability essential for plant growth

» Macronutrients required in large quantities (N, P, K, Ca, Mg, S)

* Micronutrients needed in small amounts (Fe, Mn, Zn, Cu, B, Mo, Cl)
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+ Soil biological activity drives nutrient cycling
* Microbial populations decompose organic matter
* Enzyme activities facilitate nutrient transformations

* Nutrient cycling processes make elements available for plant uptake

7.2 Soil Organic Matter: Composition, Decomposition, and Humification

Soil organic matter is the heart of healthy soil ecosystems. It's a complex mix of decomposed plant and
animal residues, living organisms, and stable humus. These components work together to improve soil
structure, nutrient cycling, and water retention.

Decomposition transforms fresh organic matter into humic substances through microbial processes. This
ongoing cycle supports soil health, enhances nutrient availability, and even helps mitigate climate change
by sequestering carbon in stable forms.

Soil Organic Matter: Composition and Processes

Components of soil organic matter

* Soil organic matter (SOM) forms complex mixture derived from decomposed plant and animal
residues

* Fresh organic residues comprise undecomposed plant litter and animal remains

* Partially decomposed organic matter undergoes microbial breakdown

* Humus consists of stable, complex organic compounds resistant to further decomposition

« Living soil organisms include diverse microbes (bacteria, fungi) and fauna (protozoa, nematodes)
* Carbon serves as primary element in SOM structure

« Nitrogen, phosphorus, and sulfur contribute essential nutrients

« Trace elements play minor but crucial roles in soil chemistry

Process of decomposition

» Fragmentation breaks down organic materials into smaller pieces increasing surface area

* Leaching removes soluble compounds from organic matter

« Catabolism by soil organisms breaks down complex molecules into simpler forms

» Temperature influences decomposition rate with higher temps accelerating microbial activity

* Moisture affects decomposition optimal levels (50-60% water-filled pore space) enhance microbial
processes

» Oxygen availability promotes faster decomposition in aerobic conditions
+ Soil pH impacts decomposition neutral to slightly acidic (pH 6-7) favors microbial activity
* C:N ratio determines decomposition speed lower ratios (< 20:1) lead to faster breakdown

* Soil texture and structure affect oxygen and water availability clay soils may slow decomposition
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Formation of humic substances

* Humification transforms organic matter into stable humus through microbial processes

+ Degradation of plant and animal residues initiates humic substance formation

* Microbial synthesis produces new compounds contributing to humic structure

* Polymerization and condensation reactions create complex molecular structures

* Humic acids dissolve in alkaline solutions play role in nutrient chelation

« Fulvic acids show solubility in both acidic and alkaline solutions enhance nutrient uptake

* Humin represents insoluble fraction contributes to soil structure stability

» High molecular weight characterizes humic substances ranging from 2,000 to 300,000 Da
» Complex aromatic structures provide stability and resistance to degradation

» Numerous functional groups (carboxyl, phenolic) enable diverse chemical interactions

Importance for soil health

* Soil structure improves through enhanced aggregation and increased porosity

* Nutrient cycling enhances as SOM acts as reservoir slowly releasing nutrients

« Cation exchange capacity increases improving nutrient retention (Ca®, Mg*, K*)
+ pH buffering helps maintain stable soil conditions crucial for plant growth

» Water retention improves reducing runoff and erosion risks

* Microbial habitat supports diverse soil ecosystem enhancing nutrient cycling

» Carbon sequestration mitigates climate change by storing atmospheric CO2

» Contaminant immobilization reduces bioavailability of heavy metals and organic pollutants

7.3 Nutrient Cycling and Bioavailability in Soils

Soil nutrient cycles are the lifeblood of ecosystems. Carbon, nitrogen, and phosphorus move through
complex pathways, transforming and recycling as they go. Understanding these cycles is key to managing
soil health and plant growth.

Nutrient bioavailability depends on soil chemistry, microbes, and environmental factors. Sources like
weathering and decomposition add nutrients, while processes like leaching and plant uptake remove them.
Balancing these flows is crucial for sustainable agriculture and ecosystems.

Nutrient Cycles in Soll
Nutrient cycles in soil

« Carbon cycle

+ Photosynthesis fixes atmospheric CO: into plant biomass forming carbohydrates and other organic
compounds
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» Organic matter decomposition breaks down dead plant material and releases carbon back into soil

« Soil respiration releases CO2 as microorganisms and plant roots metabolize organic matter
(heterotrophic and autotrophic respiration)

» Carbon sequestration stores carbon long-term in stable soil organic matter (humus)
* Nitrogen cycle

* Nitrogen fixation converts atmospheric N2z to biologically available NHs through symbiotic bacteria
(rhizobia) or free-living microorganisms

« Ammonification transforms organic N in decomposing matter to NH4* through microbial activity

+ Nitrification oxidizes NH4* to NO2" then to NOs™ by specialized bacteria (Nitrosomonas, Nitrobacter)
* Denitrification reduces NOs™ to N2 gas under anaerobic conditions releasing N to atmosphere

* Leaching and plant uptake of NOs™ moves nitrogen through soil profile or into biomass

* Phosphorus cycle

» Weathering of phosphate-containing minerals releases inorganic P into soil solution

* Organic phosphorus decomposition mineralizes P from plant residues and soil organic matter

» Phosphorus adsorption and desorption in soil regulates P availability through interactions with clay
minerals and metal oxides

* Plant uptake and return through litter fall cycles P between biomass and soil pools

Concept of nutrient bioavailability

* Bioavailability refers to proportion of nutrients in soil accessible to plants for uptake and utilization
+ Factors affecting bioavailability:

+ Soil pH influences solubility and speciation of nutrients (optimum range 6.0-7.5 for most crops)

* Redox conditions affect oxidation state and mobility of elements (Fe, Mn)

+ Organic matter content enhances nutrient retention and release through decomposition

+ Clay mineralogy determines cation exchange capacity and nutrient holding ability

+ Soil moisture regulates nutrient movement and microbial activity (field capacity ideal)

» Temperature impacts chemical reaction rates and biological processes (optimum range varies by
crop)

* Nutrient forms:

* Soluble ions in soil solution directly available for plant uptake (NOs~, K*, Ca*)

* Exchangeable ions on soil particles rapidly equilibrate with soil solution

* Precipitated minerals slowly release nutrients through dissolution (calcium phosphates)

* Organically bound nutrients gradually become available through mineralization
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Soil microorganisms in nutrient cycling

» Decomposition of organic matter releases nutrients and builds soil structure

* Nitrogen transformations:

+ Nitrogen fixation by symbiotic (Rhizobium) and free-living bacteria (Azotobacter) converts N2 to NHs
« Ammonification by heterotrophic microorganisms breaks down organic N to NH4*

* Nitrification by autotrophic bacteria (Nitrosomonas, Nitrobacter) oxidizes NH4* to NOs~
* Phosphorus solubilization:

* Production of organic acids by fungi and bacteria dissolves inorganic P compounds

* Phosphatase enzyme activity releases organically bound P

* Mycorrhizal associations:

» Enhanced nutrient uptake especially phosphorus through fungal partner

» Extended root surface area through fungal hyphae increases soil exploration

* Rhizosphere effects:

* Root exudates stimulate microbial activity in immediate root zone

* Nutrient mobilization in the root zone through microbial processes and plant-microbe interactions

Sources and sinks of soil nutrients

* Sources:

» Atmospheric deposition brings nutrients through rainfall (wet) and particulate matter (dry)
* Mineral weathering releases elements from primary and secondary minerals

+ Organic matter decomposition mineralizes nutrients from plant and animal residues

* Fertilizer applications add nutrients in readily available forms (chemical fertilizers, manure)
* Biological nitrogen fixation adds N through symbiotic and free-living microorganisms

* Sinks:

* Plant uptake incorporates nutrients into biomass (temporary storage)

* Leaching moves soluble nutrients (NOs~, SO4?") to groundwater

* Erosion and runoff transport nutrients attached to soil particles

« Volatilization releases gaseous forms of nutrients (NHs from urea fertilizer)

+ Adsorption to soil particles immobilizes nutrients on clay and organic matter surfaces

* Precipitation as insoluble compounds reduces nutrient availability (calcium phosphates)
* Nutrient pools:

+ Soil solution contains immediately available nutrients for plant uptake
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» Exchangeable nutrients on soil particles readily equilibrate with soil solution
* Fixed or occluded nutrients slowly released through weathering or desorption

» Organic matter serves as potential nutrient source through mineralization

7.4 Soil pH, Cation Exchange Capacity, and Buffer Systems

Soil pH is crucial for plant growth, affecting nutrient availability and microbial activity. It's measured on a
scale from 0 to 14, with 7 being neutral. Most plants thrive in a pH range of 5.5 to 7.5, but some prefer
more acidic or alkaline conditions.

Buffer systems in soil help maintain stable pH levels. These include carbonate buffers in alkaline sails,
aluminum buffers in acidic soils, and organic matter buffers across a wide pH range. Understanding these
systems is key to managing soil fertility and plant health.

Soil pH and Buffer Systems
Soil pH and plant growth

+ Soil pH measures hydrogen ion concentration in soil solution using logarithmic scale 0-14 (7 neutral,
<7 acidic, >7 alkaline)

« Influences nutrient solubility and availability affecting microbial activity and organic matter
decomposition

* Impacts soil structure and stability altering root development and nutrient uptake

 Optimal pH range for most plants spans 5.5 to 7.5 influencing susceptibility to diseases (tomatoes,
carrots)

Cation exchange capacity for fertility
» CEC measures soil's ability to hold and exchange positively charged ions expressed in meq/100g
« Affected by clay content and type, organic matter content, and soil pH

 Higher CEC indicates greater nutrient retention influencing availability for plant uptake (potassium,
calcium)

* Impacts fertilizer efficiency and management strategies
Buffer systems in soil

» Carbonate buffer system dominates alkaline soils involving calcium carbonate and bicarbonate ions
CaCOz +H™* eCa’* + HCO;

» Aluminum buffer system activates in acidic soils (pH < 5.5) with aluminum hydroxide compounds
AI(OH); +3H* e AI?* +3H-0

+ Organic matter buffer system works across wide pH range using carboxyl and phenolic groups

« Buffers resist rapid pH changes neutralizing acids or bases providing long-term stability
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pH effects on nutrient availability

* Macronutrients availability varies: 1. Nitrogen most available at pH 6.0 - 8.0 2. Phosphorus optimal at
pH 6.5 - 7.5 3. Potassium generally available across wide pH range

* Micronutrients affected differently:

« Iron, manganese, zinc more available in acidic soils

* Molybdenum more available in alkaline soils

+ pH-induced deficiencies or toxicities occur:

 Aluminum toxicity in acidic soils (pH < 5.5)

« Iron chlorosis in alkaline soils (pH > 7.5)

* Management strategies include:

« Liming raises pH in acidic soils (agricultural lime)

+ Adding sulfur or acidifying fertilizers lowers pH in alkaline soils (ammonium sulfate)

« Selecting pH-appropriate plant species for specific soil conditions (blueberries for acidic soils)
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Unit 8 — Soil Contamination: Pollutants &
Remediation

8.1 Soil Contamination Sources and Types

Soil contamination is a serious environmental issue with far-reaching impacts. From industrial activities to
agricultural practices, human actions introduce a variety of pollutants into the soil, including heavy metals,
pesticides, and organic compounds.

These contaminants don't stay put. They move through soil based on factors like texture, pH, and weather.
This movement poses risks to human health and ecosystems, affecting everything from drinking water to
food chains. Understanding these processes is crucial for effective management and remediation.

Anthropogenic Sources and Types of Soil Contamination

Sources of soil contamination

* Industrial activities introduce contaminants through manufacturing processes release toxic chemicals
(solvents, heavy metals)

» Chemical production generates hazardous byproducts contaminate surrounding soil (pesticides,
pharmaceuticals)

» Mining operations expose heavy metals and acidic drainage alter soil chemistry (copper, gold)
+ Oil and gas extraction lead to hydrocarbon spills and leaks pollute soil (crude oil, natural gas)

+ Agricultural practices contribute to soil pollution through pesticide and herbicide application leave
residues (glyphosate, atrazine)

* Fertilizer overuse causes nutrient imbalances and runoff (nitrogen, phosphorus)
« Irrigation with contaminated water introduces pathogens and chemicals (E. coli, heavy metals)

» Animal waste mismanagement leads to nutrient overload and pathogen contamination (manure,
antibiotics)

» Waste disposal in landfills leach contaminants into surrounding soil (leachate, methane)
* lllegal dumping of hazardous materials directly pollutes soil (electronic waste, industrial sludge)

» Sewage treatment plants release treated effluent containing residual contaminants (pharmaceuticals,
microplastics)

* Improper disposal of hazardous materials leads to soil contamination (batteries, paint)

» Urban development contributes to soil pollution through construction activities release particulates and
chemicals (asbestos, lead paint)

* Transportation-related pollution deposits contaminants on soil (vehicle emissions, tire particles)

* Leaking underground storage tanks release petroleum products and chemicals (gasoline, diesel)
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Types of soil contaminants

* Heavy metals accumulate in soil and pose long-term risks (lead, mercury, cadmium, arsenic,
chromium)

* Organic pollutants persist in the environment and bioaccumulate in food chains

* Pesticides designed to control pests can have unintended effects on soil ecosystems (DDT,
chlorpyrifos)

* Polycyclic aromatic hydrocarbons form during incomplete combustion of organic materials
(benzo(a)pyrene)

* Polychlorinated biphenyls once used in industrial applications persist in the environment (transformer
oil)

* Dioxins and furans are byproducts of industrial processes and incineration (Agent Orange)
* Petroleum hydrocarbons contaminate soil through spills and leaks (benzene, toluene)

» Radionuclides emit ionizing radiation and can persist for long periods (uranium, cesium-137,
strontium-90, plutonium)

* Inorganic contaminants alter soil chemistry and nutrient balance
* Nitrates from fertilizers and sewage can leach into groundwater (agricultural runoff)
» Phosphates contribute to eutrophication in water bodies (detergents)

« Sulfates can acidify soil and water (acid rain)

Fate, Transport, and Risks of Soil Contaminants

Factors in contaminant transport

* Soil properties influence contaminant behavior and mobility

* Texture affects water holding capacity and contaminant retention (sand, silt, clay)

+ Organic matter content impacts adsorption of organic pollutants (humus)

* pH influences solubility and mobility of contaminants (acidic, alkaline)

« Cation exchange capacity affects retention of charged contaminants (clay minerals)
* Porosity and permeability determine water and contaminant flow rates (gravel, clay)
» Environmental conditions affect contaminant fate and transport

» Temperature influences chemical reaction rates and volatilization (seasonal variations)
* Precipitation and humidity impact leaching and runoff (rainfall, drought)

» Wind patterns contribute to contaminant dispersion (dust storms)

» Topography affects surface runoff and erosion (slopes, valleys)

» Contaminant characteristics determine their behavior in soil

* Solubility affects leaching potential and bioavailability (water-soluble vs oil-soluble)
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* Volatility influences air-soil partitioning and atmospheric transport (VOCs)

+ Adsorption potential affects retention in soil particles (organic compounds)

+ Biodegradability determines persistence in the environment (half-life)

* Biological factors impact contaminant fate

* Microbial activity can degrade or transform contaminants (bioremediation)

* Plant uptake and translocation move contaminants into the food chain (phytoremediation)

* Transport mechanisms move contaminants through soil 1. Advection carries contaminants with water
flow 2. Diffusion moves contaminants from high to low concentrations 3. Dispersion spreads
contaminants due to velocity variations

Risks of soil contamination

* Human health risks arise from various exposure pathways

* Direct exposure occurs through ingestion of contaminated soil (children playing in contaminated
areas)

* Inhalation of contaminated dust poses respiratory risks (construction sites)

» Dermal contact with contaminated soil can lead to absorption (gardening)

« Indirect exposure happens through consumption of contaminated crops (leafy vegetables)

* Ingestion of contaminated groundwater affects drinking water quality (private wells)

* Environmental risks impact ecosystems and biodiversity

+ Ecosystem disruption alters soil functions and services (nutrient cycling)

* Biodiversity loss affects soil organisms and plant communities (earthworms, beneficial bacteria)
* Food chain contamination leads to biomagnification in higher trophic levels (mercury in fish)

» Groundwater pollution threatens water resources (aquifer contamination)

* Risk assessment components evaluate potential hazards 1. Hazard identification determines
contaminant presence and toxicity 2. Dose-response assessment establishes relationship between
exposure and effects 3. Exposure assessment quantifies magnitude, frequency, and duration of
exposure 4. Risk characterization combines previous steps to estimate overall risk

+ Vulnerable populations face higher risks from soil contamination

* Children are more susceptible due to hand-to-mouth behavior and developing bodies

* Pregnant women can transfer contaminants to fetuses (lead, mercury)

* Elderly individuals may have compromised immune systems and slower metabolism

» Immunocompromised individuals are more susceptible to infections from contaminated soil
+ Long-term effects of soil contamination persist in the environment

* Bioaccumulation leads to increasing contaminant concentrations in organisms over time

+ Biomagnification results in higher contaminant levels in top predators
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* Persistent organic pollutants resist degradation and remain in the environment for long periods (PCBs,
DDT)

8.2 Sorption, Desorption, and Transport of Contaminants in Soils

Sorption and desorption mechanisms play a crucial role in how contaminants interact with soil. These
processes determine whether pollutants stick to soil particles or get released back into the environment,
affecting their spread and cleanup.

Contaminant transport and modeling help us understand how pollutants move through soil. By considering
factors like water flow, spreading, and chemical reactions, we can predict where contaminants might end
up and how to best clean them up.

Sorption and Desorption Mechanisms

Mechanisms of contaminant sorption

Sorption attaches contaminants to soil particles through adsorption and absorption

Adsorption accumulates contaminants on soil particle surfaces driven by physical (van der Waals forces)
and chemical (covalent or ionic bonding) forces

Absorption incorporates contaminants into soil particle structure within pores or molecular structure

lon exchange replaces ions on soil surfaces with contaminant ions measured by cation exchange capacity
(CEC) for cations and anion exchange capacity (AEC) for anions

Desorption releases sorbed contaminants back into soil solution influenced by environmental changes
(temperature, pH)

Factors affecting sorption processes

Soil pH affects surface charge of particles and contaminants, influences ionization of organic
contaminants, and impacts pH-dependent sorption of metals

Organic matter content increases sorption capacity for organic contaminants, forms metal ion complexes,
and affects soil structure and water retention

Clay mineralogy varies in sorption capacities (kaolinite: low CEC, smectite: high CEC, illite: intermediate
CEC)
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Soil texture impacts surface area for sorption (clay particles provide more sites than sand or silt)

Redox conditions influence metal contaminant speciation and mobility, affect organic contaminant
degradation

Temperature generally increases desorption rates at higher levels, affects contaminant solubility and
volatility

Contaminant Transport and Modeling

Contaminant mobility in soils

Advection moves contaminants with flowing water, governed by Darcy's law, velocity depends on hydraulic
conductivity and gradient

Dispersion spreads contaminants due to velocity variations through mechanical (flow path tortuosity) and
hydrodynamic (combination with diffusion) processes

Diffusion moves contaminants from high to low concentration areas following Fick's laws, significant in
low-permeability soils

Retardation slows contaminant movement relative to water flow due to sorption, quantified by retardation
factor (R)

Facilitated transport enhances mobility through association with colloids or dissolved organic matter

Preferential flow rapidly moves contaminants through macropores or fractures, bypassing matrix flow

Models for contaminant transport
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Advection-dispersion equation (ADE) models contaminant transport: % =D

x

Retardation factor (R) calculated as: R = 1 + 225

Freundlich isotherm models non-linear sorption: Je = KFCel/”
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- . KiC
Langmuir isotherm assumes monolayer adsorption: ge = fﬂ: KL.LCZ

First-order decay model for biodegradable contaminants: C = Coe ™kt

HYDRUS software simulates water flow and solute transport in soils incorporating various processes

Partition coefficients describe contaminant distribution: Ko = E—; Koc for organic compounds normalized to
organic carbon content

8.3 Biodegradation and Transformation of Soil Contaminants

Soil microorganisms play a crucial role in breaking down contaminants. Bacteria, fungi, and archaea use
specialized enzymes to transform pollutants into energy sources. Factors like temperature, pH, and
nutrient availability greatly influence how quickly these tiny cleanup crews work.

Bioremediation harnesses these natural processes to clean up polluted sites. Strategies range from simply
monitoring natural breakdown to actively adding nutrients or specific microbes. Success depends on the
type of contaminant, soil conditions, and regulatory requirements.

Microbial Processes in Soil Remediation

Microorganisms in soil contaminant biodegradation

 Microorganisms drive biodegradation primarily through bacteria, fungi, and archaea
» Metabolic processes involve enzymatic breakdown of contaminants used as energy sources

» Adaptation to contaminants occurs through specialized metabolic pathways and horizontal gene
transfer

* Bioaugmentation introduces specific microorganisms enhancing degradation rates

* Biosurfactant production increases bioavailability of hydrophobic contaminants (petroleum
hydrocarbons)

Factors influencing biodegradation rates

» Contaminant bioavailability affected by sorption to soil particles, dissolution in soil water, and aging
effects

* Microbial community structure impacts degradation through diversity, presence of specific degrader
species, and microbial interactions (synergistic or competitive)

* Environmental conditions shape biodegradation:

» Temperature influences microbial activity and enzyme kinetics

* pH affects microbial growth and contaminant solubility

* Moisture content determines oxygen availability and microbial mobility

» Oxygen availability dictates aerobic vs anaerobic processes
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* Nutrient availability (C, N, P) supports microbial growth and enzyme production
» Contaminant properties influence degradation:

» Chemical structure determines susceptibility to enzymatic attack
 Concentration affects toxicity and microbial adaptation

* Toxicity to microorganisms may inhibit biodegradation

« Soil characteristics impact biodegradation:

* Texture affects water retention and oxygen diffusion

» Organic matter content influences sorption and nutrient availability

« Cation exchange capacity affects nutrient retention and contaminant mobility

Pathways of contaminant transformation

* Mineralization breaks down organic contaminants completely into CO2, H20, and inorganic
compounds (aerobic degradation of simple hydrocarbons)

» Co-metabolism transforms contaminants incidentally, requiring a primary substrate without energy
gain for microorganisms (degradation of trichloroethylene by methane-oxidizing bacteria)

* Polymerization forms larger, less toxic molecules often immobilizing contaminants (humification of
phenolic compounds)

« Partial transformation incompletely degrades contaminants forming metabolites with potential
increased or decreased toxicity

Potential for soil bioremediation

 Natural attenuation relies on biodegradation, dispersion, dilution, sorption, and volatilization
* Monitoring natural attenuation (MNA) assesses progress

» Advantages include low cost and minimal site disturbance

* Limitations involve long timeframes and outcome uncertainty

» Bioremediation strategies encompass:

* In situ techniques: bioventing, biosparging, phytoremediation

* Ex situ techniques: landfarming, biopiles, bioreactors

« Factors affecting bioremediation success include contaminant type and concentration, site
characteristics, and regulatory requirements

* Biostimulation adds nutrients, oxygen, or growth-promoting substances
+ Bioaugmentation introduces specific microbial strains or consortia

* Monitoring and assessment utilize: 1. Chemical analysis of contaminants 2. Microbial activity
measurements 3. Isotope fractionation studies
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8.4 Soil Remediation Technologies and Strategies

Soil remediation is crucial for cleaning up contaminated sites. Physical methods remove pollutants
mechanically, chemical methods alter contaminant properties, and biological methods use living organisms
to break down or transform pollutants. Each approach has unique strengths and limitations.

Choosing the right remediation strategy depends on site-specific factors. Contaminant type, soil properties,
and environmental conditions all play a role. Successful projects balance effectiveness, cost, and
environmental impact while meeting regulatory requirements and addressing community concerns.

Physical, Chemical, and Biological Remediation Methods

Types of soil remediation technologies

* Physical remediation methods remove contaminants through mechanical processes

+ Soil washing separates contaminants from soil particles using water or chemical solutions

+ Soil vapor extraction removes volatile organic compounds (VOCs) from unsaturated soils

» Thermal desorption uses heat to volatilize contaminants for subsequent treatment

» Excavation and disposal involves removing contaminated soil for off-site treatment or landfilling

» Chemical remediation methods alter contaminant properties or behavior through chemical reactions

» Chemical oxidation breaks down organic contaminants using strong oxidizing agents (hydrogen
peroxide)

+ Soil flushing washes contaminants from soil using water or chemical solutions

« Stabilization/solidification immobilizes contaminants within a solid matrix (cement)

+ Electrokinetic remediation uses electric current to mobilize and extract contaminants from soil
* Biological remediation methods utilize living organisms to degrade or transform contaminants
* Bioremediation employs microorganisms to break down organic pollutants

» Phytoremediation uses plants to extract, degrade, or stabilize contaminants

» Mycoremediation utilizes fungi to break down complex organic compounds

* Bioventing stimulates natural biodegradation by supplying oxygen to soil microorganisms

Effectiveness of remediation techniques

+ Soil washing effectively removes contaminants from coarse-grained soils with high sand content

+ Limitations include reduced efficiency for fine-grained soils and generation of contaminated
wastewater

» Chemical oxidation rapidly degrades organic contaminants through oxidation-reduction reactions
* Potential drawbacks involve altering soil properties and risk of contaminant rebound
» Phytoremediation offers low-cost and environmentally friendly approach to soil cleanup

« Constraints include lengthy treatment times and limited effectiveness for deep contamination
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Site-Specific Strategies and Implications

Site-specific remediation strategies

» Contaminant characterization guides technology selection and treatment goals

« Identify pollutant types (heavy metals, organic compounds), concentrations, and spatial distribution
+ Soil properties assessment informs remediation approach and potential limitations

« Evaluate texture, organic matter content, pH, and permeability to predict contaminant behavior

» Environmental factors consideration ensures strategy suitability and long-term effectiveness

* Assess groundwater depth, climate conditions, and topography for optimal technology selection

» Regulatory requirements establish cleanup goals and compliance standards

* Adhere to local, state, and federal regulations governing soil remediation projects

» Technology selection criteria balance treatment time, cost, and effectiveness

« Consider site-specific constraints and project objectives when choosing remediation methods

Implications of soil remediation projects

» Economic implications impact project feasibility and long-term sustainability

+ Capital and operational costs vary widely among remediation technologies

* Long-term monitoring expenses continue after active treatment phase

* Property value changes can affect surrounding real estate markets

» Environmental implications extend beyond immediate contamination removal

» Ecosystem restoration promotes biodiversity and habitat recovery

« Carbon footprint of remediation activities requires consideration (energy use, emissions)
» Secondary contamination risks may arise from treatment byproducts or waste streams
* Social implications influence community acceptance and project success

» Community health improvements result from reduced exposure to contaminants

* Land use changes can transform brownfields into productive spaces

* Public perception and acceptance shape project implementation and outcomes

Case studies in soil remediation

* Case study components provide comprehensive project understanding

« Site background and contamination history reveal pollution sources and extent

* Remediation approach selection process demonstrates decision-making criteria

* Implementation challenges and solutions highlight adaptive management strategies

+ Best practices identification guides future remediation efforts
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« Stakeholder engagement ensures community support and addresses concerns

» Adaptive management strategies allow for technology adjustments based on performance
* Integration of multiple remediation technologies often yields synergistic benefits

* Lessons learned improve future project planning and execution

» Thorough site characterization proves crucial for technology selection and design

* Long-term monitoring ensures sustained contaminant reduction and site recovery

« Pilot studies before full-scale implementation reduce risks and optimize performance
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Unit 9 — Biogeochemical Cycles: C, N, P,
and S

9.1 Global Carbon Cycle and Climate Change Implications

The global carbon cycle is a complex system of carbon exchange between Earth's reservoirs. It involves
atmospheric CO2, ocean carbon, terrestrial biosphere, and lithosphere. Understanding this cycle is crucial
for grasping climate change and its impacts.

Human activities have significantly disrupted the natural carbon balance. Fossil fuel burning, deforestation,
and industrial processes release excess CO2, leading to global warming and ocean acidification. Mitigation
strategies and adaptation measures are essential to address these challenges.

Global Carbon Cycle

Reservoirs and fluxes of carbon

« Carbon reservoirs store carbon in various forms

» Atmosphere contains CO2, CH4, and other greenhouse gases

* Oceans hold dissolved inorganic carbon, organic matter, and marine life

« Terrestrial biosphere encompasses plants, animals, and soil organic matter

« Lithosphere includes fossil fuels, sedimentary rocks, and minerals

* Major carbon fluxes transfer carbon between reservoirs

» Atmosphere-ocean exchange involves CO2 absorption and release

» Photosynthesis and respiration cycle carbon between atmosphere and biosphere
» Weathering of rocks slowly removes atmospheric CO2 over geological timescales
* Volcanic emissions release CO2 from Earth's interior to the atmosphere

+ Quantification of reservoirs and fluxes measured in gigatons of carbon (GtC)

» Atmosphere: ~830 GtC

* Oceans: ~38,000 GtC

* Terrestrial biosphere: ~2,000 GtC

* Lithosphere: >60,000,000 GtC

« Timescales of carbon cycling vary widely

« Short-term cycles occur within days to years (seasonal plant growth)

* Long-term cycles span centuries to millennia (ocean circulation, rock weathering)

Photosynthesis and respiration in carbon cycling

» Photosynthesis captures atmospheric CO2 and converts it to organic matter
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 Carbon dioxide fixation occurs in chloroplasts

* Light-dependent reactions generate ATP and NADPH

« Calvin cycle uses energy from light reactions to produce glucose

* Net primary production represents total carbon fixed minus plant respiration

* Respiration releases CO2 back to the atmosphere

* Cellular respiration breaks down organic molecules for energy

* Aerobic respiration uses oxygen, while anaerobic respiration doesn't

« Autotrophic respiration by plants, heterotrophic respiration by animals and decomposers
* Carbon flux balance determines net ecosystem carbon exchange

« Gross primary production measures total carbon fixed by photosynthesis

* Net ecosystem production equals gross primary production minus ecosystem respiration
» Seasonal variations in CO2 levels reflect changing balance of photosynthesis and respiration
* Lower atmospheric CO2 in Northern Hemisphere summer due to increased plant growth
* Higher CO2 in winter when respiration dominates over reduced photosynthesis

* Factors affecting photosynthesis and respiration rates impact carbon cycling

» Temperature influences enzyme activity and metabolic rates

» Water availability affects stomatal opening and cellular processes

* Nutrient availability, especially nitrogen and phosphorus, limits plant growth

Human Impacts and Climate Change

Human impact on carbon cycle

» Anthropogenic CO2 emissions disrupt natural carbon balance

* Fossil fuel combustion releases ~9 GtC/year

+ Deforestation and land-use changes contribute ~1.5 GtC/year

* Industrial processes like cement production add ~0.5 GtC/year

* Perturbations to natural carbon fluxes alter ecosystem functioning

» Ocean acidification threatens marine ecosystems and calcifying organisms

» Changes in terrestrial carbon storage affect soil fertility and biodiversity

+ Greenhouse effect enhancement amplifies global warming

+ Radiative forcing measures climate impact of increased greenhouse gases

» Feedback mechanisms (albedo changes, water vapor) can amplify or dampen warming

* Observed climate change impacts manifest globally
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* Global temperature increase of ~1°C since pre-industrial times

* Sea level rise of ~3.3 mm/year threatens coastal areas

» Extreme weather events become more frequent and intense (hurricanes, droughts)
« Carbon cycle-climate feedbacks potentially accelerate warming

» Permafrost thawing releases stored carbon as CO2 and CH4

» Ocean circulation changes alter carbon uptake and heat distribution

* Forest dieback reduces carbon storage capacity and alters albedo

Strategies for carbon-related climate change

* Mitigation strategies aim to reduce greenhouse gas emissions

* Renewable energy adoption (solar, wind, geothermal) decreases fossil fuel dependence
« Carbon capture and storage technologies remove CO2 from point sources or atmosphere
+ Reforestation and afforestation increase terrestrial carbon sinks

* Improved agricultural practices reduce emissions and enhance soil carbon sequestration
» Adaptation strategies help cope with unavoidable climate impacts

+ Coastal protection measures (sea walls, mangrove restoration) guard against sea level rise
» Water resource management addresses changing precipitation patterns

« Agricultural adaptations include drought-resistant crops and improved irrigation

* Urban planning and infrastructure design consider future climate scenarios

* Policy approaches guide collective action on climate change

* International agreements (Paris Agreement) set global emission reduction targets

* Carbon pricing mechanisms internalize environmental costs of emissions

» Emissions trading systems create market incentives for reducing greenhouse gases
 Technological innovations offer potential solutions

» Negative emission technologies actively remove CO2 from the atmosphere

» Enhanced weathering accelerates natural CO2 removal by rock weathering

* Ocean iron fertilization stimulates phytoplankton growth to increase carbon uptake

+ Challenges and limitations complicate implementation of strategies

» Economic considerations include costs of transition and potential job losses

« Technological feasibility varies for different mitigation and adaptation approaches

« Social and political barriers hinder adoption of climate policies

* Integrated assessment models inform decision-making

* Projecting future scenarios helps anticipate climate impacts and policy outcomes
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* Cost-benefit analysis of mitigation strategies guides resource allocation

9.2 Nitrogen Cycle: Fixation, Nitrification, and Denitrification

Nitrogen, essential for life, cycles through various forms in our environment. From atmospheric N2 to
biologically available compounds, processes like fixation, nitrification, and denitrification shape this vital
cycle.

Human activities have dramatically altered the nitrogen cycle, causing environmental issues. From
eutrophication to air pollution, these impacts highlight the need for better nitrogen management through
precision agriculture, improved wastewater treatment, and policy changes.

Nitrogen Cycle Processes

Key processes of nitrogen cycle

+ Nitrogen fixation converts atmospheric N2 to biologically available forms through biological and abiotic
processes (lightning, industrial)

« Nitrification oxidizes ammonia (NH3) to nitrite (NOZ_ ) then nitrate (NO3_) by chemolithoautotrophic
bacteria (Nitrosomonas, Nitrobacter)

« Denitrification reduces nitrate to nitrogen gas under anaerobic conditions releasing N2 and N20O to
atmosphere (wetlands, poorly drained soils)

+ Ammonification decomposes organic nitrogen to ammonia carried out by various microorganisms
(bacteria, fungi)

+ Assimilation uptakes inorganic nitrogen compounds by plants and microorganisms incorporating into
biomass (amino acids, nucleic acids)

Biological vs industrial nitrogen fixation

* Biological fixation performed by diazotrophs in soil and aquatic environments forms symbiotic
relationships with legumes (soybeans, alfalfa)

« Diazotrophs use nitrogenase enzyme to break N2 triple bond energy-efficiently limited by
environmental factors (temperature, pH)

+ Industrial fixation uses Haber-Bosch process converting N2 to ammonia under high temperature and
pressure (400-450°C, 150-300 atm)

» Haber-Bosch energy-intensive produces large quantities of fixed nitrogen for fertilizers not limited by
environmental factors

» Both convert atmospheric N2 to bioavailable forms essential for global food production

« Differ in scale of production energy requirements and environmental impact

Environmental impacts of cycle alterations

« Eutrophication from excess nitrogen causes algal blooms oxygen depletion impacts aquatic
biodiversity (dead zones in Gulf of Mexico)

* Nitrous oxide emissions contribute to greenhouse effect and ozone depletion from agriculture and
fossil fuel combustion

Fiveable archived study guides Page 69



« Soil acidification from excess nitrogen deposition affects plant growth and soil biodiversity (forest
decline in parts of Europe)

» Groundwater contamination through nitrate leaching into aquifers poses health risks
(methemoglobinemia in infants)

« Air pollution forms particulate matter and smog impacting human and ecosystem health (respiratory
issues in urban areas)

Solutions for nitrogen management

* Precision agriculture optimizes fertilizer application using remote sensing and GPS technology
(variable rate application)

« Cover crops and crop rotation enhance natural nitrogen fixation reduce soil erosion and nutrient runoff
(clover, vetch)

* Improved wastewater treatment implements biological nutrient removal systems recovers and
recycles nitrogen (anammox process)

* Industrial process optimization enhances efficiency of nitrogen-based chemical production implements
closed-loop systems (catalytic reduction)

* Buffer zones and riparian areas reduce nitrogen runoff into water bodies enhance natural
denitrification (constructed wetlands)

* Policy and regulation implement and enforce nitrogen management guidelines incentivize sustainable
practices (nutrient trading programs)

* Education and outreach promote awareness of nitrogen cycle impacts train professionals in best
management practices (farmer field schools)

9.3 Phosphorus Cycle and Eutrophication

Phosphorus, a vital nutrient, cycles through Earth's systems. It moves from rocks to soil, water, and living
organisms. Understanding this cycle is crucial for managing environmental issues like nutrient pollution
and eutrophication.

Eutrophication occurs when excess nutrients, especially phosphorus, enter water bodies. This leads to
algal blooms, oxygen depletion, and ecosystem disruption. Managing phosphorus pollution requires
strategies at the source, in-lake treatments, and watershed-level approaches.

Phosphorus Cycle

Reservoirs and fluxes of phosphorus
* Reservoirs
« Lithosphere contains largest reservoir phosphorus locked in rocks and minerals
» Hydrosphere phosphorus dissolved in oceans, lakes, and rivers
* Biosphere phosphorus incorporated into living organisms (DNA, ATP)
+ Soil phosphorus bound to soil particles and organic matter

* Fluxes
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» Weathering of rocks releases phosphorus into soil and water bodies

+ Uptake by plants absorbs phosphorus from soil for growth and metabolism

» Decomposition of organic matter returns phosphorus to soil and water

» Sedimentation in water bodies deposits phosphorus-rich particles on bottom
» Atmospheric deposition contributes small amounts through dust and aerosols
+ Characteristics of the phosphorus cycle

» Sedimentary cycle primarily moves between land and water, not atmosphere
* Slow geological processes govern long-term phosphorus availability

* No significant atmospheric component unlike carbon or nitrogen cycles

Eutrophication and Phosphorus Pollution

Process and effects of eutrophication

* Definition of eutrophication
» Excessive nutrient enrichment in water bodies leads to increased primary production

« Stages of eutrophication 1. Oligotrophic low nutrient levels, clear water, diverse ecosystem 2.
Mesotrophic moderate nutrients, increased plant growth 3. Eutrophic high nutrients, algal blooms,
reduced clarity 4. Hypertrophic extreme nutrient levels, severe algal blooms, ecosystem collapse

» Consequences

+ Algal blooms create dense mats on water surface blocking sunlight

» Decreased dissolved oxygen levels as algae die and decompose

* Fish kills result from oxygen depletion in water column

* Loss of biodiversity as sensitive species unable to survive

» Changes in species composition favoring nutrient-tolerant organisms
* Reduced water clarity impairs recreational use and aesthetics

* Taste and odor problems in drinking water from algal metabolites

Sources and impacts of phosphorus pollution

» Sources of phosphorus pollution

* Agricultural runoff from fertilizers and animal waste

* Urban stormwater carries phosphorus from lawns and impervious surfaces

» Wastewater treatment plants discharge treated effluent containing phosphorus
* Industrial discharges from food processing and manufacturing

» Erosion and sedimentation transport soil-bound phosphorus to water bodies

* Impacts on water bodies
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* Accelerated eutrophication speeds up natural aging process of lakes
» Harmful algal blooms (HABs) produce toxins (microcystin)

* Hypoxia and anoxia in bottom waters create dead zones

* Alterations in food web dynamics disrupt ecosystem balance

» Economic losses in fisheries and tourism from reduced water quality

* Increased water treatment costs to remove algal toxins and taste/odor compounds

Strategies for phosphorus reduction

* Source reduction strategies

» Best management practices in agriculture (precision fertilizer application, cover crops)
» Improved wastewater treatment technologies (enhanced biological phosphorus removal)
» Phosphorus-free detergents reduce household contributions

* Erosion control measures (contour plowing, terracing) minimize soil loss

* In-lake management techniques

* Aeration and oxygenation prevent internal phosphorus release from sediments
+ Biomanipulation alters food web to control algal growth

» Phosphorus inactivation using aluminum sulfate binds phosphorus in sediments
» Sediment removal dredges phosphorus-rich bottom material

» Watershed management approaches

* Riparian buffer zones filter nutrients before reaching water bodies

» Wetland restoration increases natural phosphorus retention

» Stormwater management (bioswales, rain gardens) reduces urban runoff

* Policy and regulatory measures

» Phosphorus discharge limits set for point sources

+ Nutrient trading programs incentivize cost-effective reductions

* Land use regulations control development in sensitive watersheds

* Monitoring and assessment

» Water quality indicators (total phosphorus, chlorophyll a) track eutrophication

* Trophic state index (TSI) classifies lake productivity status

» Phosphorus load modeling predicts impacts of management actions
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9.4 Sulfur Cycle and Acid Deposition

Sulfur plays a crucial role in Earth's biogeochemical processes. From mineralization to volatilization, the
sulfur cycle involves complex transformations between organic and inorganic forms, impacting ecosystems
and atmospheric chemistry.

Acid deposition, a consequence of sulfur emissions, poses significant environmental challenges.
Anthropogenic sources release sulfur dioxide, leading to the formation of acid rain and causing widespread
ecological damage. Mitigation efforts focus on reducing emissions and restoring affected ecosystems.

Sulfur Cycle

Processes of sulfur cycle

Mineralization transforms organic sulfur into inorganic forms through decomposition of plant and animal
matter by microorganisms releasing sulfate (SOf "~ ) into soil or water

Immobilization incorporates inorganic sulfur into organic compounds as plants and microorganisms uptake
sulfate converting it to organic sulfur-containing amino acids (cysteine, methionine)

Oxidation converts reduced sulfur compounds to sulfate including sulfur-oxidizing bacteria transforming

hydrogen sulfide (H25) to sulfate and atmospheric oxidation of sulfur dioxide (5O2) to sulfuric acid (
H2504)

Reduction converts sulfate to hydrogen sulfide by sulfate-reducing bacteria in anaerobic environments
(wetlands, deep ocean sediments)

Assimilation incorporates sulfur into biological compounds essential for protein synthesis and cellular
functions (glutathione, coenzyme A)

Volatilization releases gaseous sulfur compounds to the atmosphere including dimethyl sulfide from marine
phytoplankton and hydrogen sulfide from volcanoes

Acid Deposition

Formation of acid deposition

Anthropogenic sources emit sulfur dioxide and nitrogen oxides which undergo atmospheric reactions with
water, oxygen, and oxidants creating sulfuric and nitric acids
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Wet deposition occurs as acid rain, snow, or fog while dry deposition involves acidic gases and particles
settling directly onto surfaces

Atmospheric transport can carry pollutants long distances affecting areas far from emission sources
(Scandinavian lakes acidified by UK emissions)

Sources and effects of SO2

Fossil fuel combustion (coal-fired power plants) metal smelting operations and volcanic eruptions release
sulfur dioxide into the atmosphere

Terrestrial ecosystems experience foliar damage reduced photosynthesis and increased susceptibility to
pests and diseases (acid rain damaging Black Forest in Germany)

Aquatic ecosystems face disrupted fish reproduction loss of acid-sensitive species and altered food web
structures (decline of brook trout in Adirondack lakes)

Long-range transport of pollutants causes transboundary air pollution impacting ecosystems far from
emission sources (Canadian lakes affected by US emissions)

Mitigation of sulfur emissions

Policies like Clean Air Act amendments and international agreements (Convention on Long-Range
Transboundary Air Pollution) aim to reduce sulfur emissions

Technologies including flue gas desulfurization (scrubbers) low-sulfur fuels and integrated gasification
combined cycle (IGCC) help control sulfur emissions

Mitigation strategies involve liming acidified lakes and soils reforestation and watershed management
techniques to restore affected ecosystems

Effectiveness assessment includes monitoring emission levels and deposition rates tracking ecosystem
recovery and conducting cost-benefit analyses of implemented measures
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Unit 10 — Climate Change: Greenhouse
Gases & Forcing

10.1 Greenhouse Gas Sources, Sinks, and Atmospheric Lifetimes

Greenhouse gases play a crucial role in Earth's climate system. From carbon dioxide released by fossil
fuels to methane from agriculture, these gases come from various human and natural sources.
Understanding their origins helps us grasp the complexities of global warming.

Atmospheric lifetimes of greenhouse gases determine their long-term impact on climate change. CO2 can
persist for centuries, while methane lasts only about 12 years. These differences affect how quickly we can
mitigate warming by reducing emissions of different gases.

Greenhouse Gas Sources and Sinks

Sources of greenhouse gases
+ Carbon dioxide (CO2)
» Anthropogenic sources

* Fossil fuel combustion releases stored carbon into atmosphere through burning of coal, oil, and
natural gas

* Deforestation reduces CO2 absorption capacity and releases stored carbon when trees are burned or
decompose

» Cement production generates CO2 during limestone calcination process (CaCO3 - CaO + CO2)
+ Natural sources

* Volcanic eruptions emit CO2 from Earth's interior during explosive and effusive events

+ Respiration by living organisms produces CO2 as a byproduct of cellular energy production

» Ocean-atmosphere exchange involves continuous CO2 flux between air and sea surface

* Methane (CH4)

» Anthropogenic sources

+ Agriculture contributes through anaerobic decomposition in rice paddies and enteric fermentation in
livestock (cattle, sheep)

+ Landfills generate methane from anaerobic decomposition of organic waste

* Natural gas extraction and distribution leads to fugitive emissions during drilling, processing, and
transportation

* Natural sources
» Wetlands produce methane through anaerobic decomposition of organic matter in waterlogged soils
» Termites generate methane as a byproduct of cellulose digestion in their gut

» Permafrost thawing releases trapped methane as frozen organic matter decomposes
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* Nitrous oxide (N20)

» Anthropogenic sources

« Agricultural soil management releases N20 through nitrogen fertilizer application and soil disturbance
* Industrial processes like nitric acid production and adipic acid manufacturing emit N20O as a byproduct
» Wastewater treatment produces N20 during nitrification and denitrification processes

* Natural sources

+ Soil under natural vegetation emits N20 through microbial processes in nitrogen cycle

* Oceans release N20 through nitrification and denitrification in marine ecosystems

Sinks for greenhouse gases

» Carbon dioxide sinks

* Photosynthesis by plants converts atmospheric CO2 into biomass, storing carbon in vegetation and
soils

* Absorption by oceans occurs through dissolution and biological uptake, forming carbonic acid and
carbonate ions

» Weathering of rocks involves chemical reactions with silicate minerals, slowly removing CO2 over
geological timescales

* Methane sinks

» Reaction with hydroxyl radicals in the troposphere oxidizes CH4 to CO2 and water vapor

+ Soil oxidation by methanotrophic bacteria converts CH4 to CO2 in aerobic soil environments

« Stratospheric loss occurs through photochemical reactions with chlorine and oxygen radicals

* Nitrous oxide sinks

* Photolysis in the stratosphere breaks down N20O molecules through absorption of UV radiation

+ Reaction with excited oxygen atoms converts N20 to N2 and O2 in the upper atmosphere

Atmospheric Lifetimes and Climate Change

Concept of atmospheric lifetime

* Average time a molecule remains in the atmosphere before removal through chemical or physical
processes

« Factors affecting atmospheric lifetime

» Chemical reactivity determines susceptibility to breakdown (OH radicals, UV radiation)

* Physical removal processes include deposition, absorption, and transport (rain-out, ocean uptake)
* Source strength influences balance between emissions and removal rates

* Relevance to climate change

+» Determines persistence of greenhouse effect and duration of warming impact
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* Influences long-term climate impacts and potential for accumulation in the atmosphere

« Affects mitigation strategies and timelines for reducing atmospheric concentrations

Atmospheric lifetimes vs greenhouse gases

+ Carbon dioxide

» Complex lifetime due to carbon cycle interactions and multiple removal processes

* Portion remains for thousands of years due to slow ocean uptake and rock weathering
« Effective lifetime ranges from 300-1000 years, with significant long-term persistence
* Methane

* Shorter lifetime approximately 12 years due to reactivity with OH radicals

* Rapid initial decrease followed by slower removal through secondary processes

* Potent short-term warming impact but quicker response to emission reductions

* Nitrous oxide

* Long lifetime approximately 114 years due to stability in the troposphere

* Persistent in the atmosphere, contributing to long-term climate forcing

* Removal primarily through stratospheric processes

* Chlorofluorocarbons (CFCs)

* Variable lifetimes ranging from 50-100+ years depending on specific compound

* Banned under Montreal Protocol due to ozone depletion and greenhouse effects

+ Slow decrease in atmospheric concentrations due to long lifetimes

» Water vapor

« Short lifetime of days to weeks due to rapid condensation and precipitation cycle

* Not typically considered in climate policy due to natural abundance and fast turnover

* Acts as feedback amplifier for warming caused by other greenhouse gases

10.2 Radiative Forcing and Global Warming Potential

Radiative forcing measures Earth's energy imbalance, crucial for understanding climate change. It
quantifies how factors like greenhouse gases affect our planet's warmth. This concept helps scientists
compare different climate drivers and make informed policy decisions.

Global Warming Potential compares gases' warming effects to CO.. It considers factors like atmospheric
lifetime and absorption efficiency. This tool helps prioritize emissions reduction strategies, showing which
gases need urgent attention in climate mitigation efforts.
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Radiative Forcing Fundamentals

Role of radiative forcing

+ Radiative forcing quantifies energy imbalance in Earth's atmosphere measured in watts per square
meter (W/m?)

* Positive forcing warms Earth while negative forcing cools it (volcanic eruptions)
» Quantifies impact of factors affecting Earth's energy budget (greenhouse gases, aerosols)
+» Used to compare different climate change drivers enables policy decisions

» Key component in climate models and projections informs future scenarios

Global warming potential concept

* Global Warming Potential (GWP) compares warming effects of different gases relative to CO:
+ Calculated for specific time horizons typically 20, 100, or 500 years

« Standardizes comparison of diverse gases aids in emissions reduction strategies

* Accounts for radiative efficiency and atmospheric lifetime of gases

* Helps policymakers prioritize mitigation efforts (methane vs CO3)

Calculations for greenhouse gases

« Radiative forcing calculation uses formula RF = a(C — Co) a represents radiative efficiency C
denotes current concentration Co indicates pre-industrial concentration

fOTHRFX(t)dt
EIELEIULE
[o RFco(t)dt
radiative forcing of gas x RF_CO:2 denotes radiative forcing of CO2

+ GWP calculation employs formula GWP = TH signifies time horizon RF_x represents

« Calculations affected by: Atmospheric lifetime of gases (methane ~12 years, CO2z ~100 years)
Absorption spectra unique to each gas Chemical interactions in atmosphere (ozone formation)

Contributions to radiative forcing

* Major greenhouse gases include: Carbon dioxide (COz2) from fossil fuel combustion Methane (CH.)
from agriculture and natural gas leaks Nitrous oxide (N=0) from fertilizers and industrial processes
Chlorofluorocarbons (CFCs) from refrigerants and aerosols

+ Contribution analysis considers: Direct radiative forcing immediate impact on energy balance Indirect
effects methane's impact on stratospheric water vapor

» Temporal considerations include: Short-lived gases rapid but intense warming (methane) Long-lived
gases cumulative effects over time (CO2)

» Feedback mechanisms amplify or dampen warming: Water vapor feedback increases with
temperature Albedo changes ice melt reduces reflectivity Carbon cycle feedbacks release of stored
carbon from permafrost
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10.3 Carbon Dioxide and Methane: Chemistry and Climate Impacts

Carbon dioxide and methane are key players in our atmosphere's chemistry. These greenhouse gases
have distinct properties that influence their behavior and impact on climate. Understanding their sources,
sinks, and trends is crucial for grasping the complexities of global warming.

As CO2 and methane levels rise, their effects on our planet intensify. From ocean acidification to extreme
weather, these gases are reshaping our environment. Exploring mitigation strategies for both gases is
essential in our fight against climate change, with each approach offering unique benefits and challenges.

Chemical Properties and Atmospheric Behavior

Properties of CO2 and methane
* Carbon dioxide (CO2)
* Linear, triatomic molecule forms colorless, odorless gas at room temperature
* Nonpolar nature contributes to its greenhouse gas properties
* Dissolves in water creating carbonic acid (H2CO3) leads to ocean acidification
Relatively inert but reacts with bases forming carbonates (limestone)
Methane (CH4)
* Tetrahedral molecule produces colorless, odorless gas at room temperature
* Nonpolar structure influences its behavior as a potent greenhouse gas
« Slightly soluble in water affects its distribution in the atmosphere
+ Highly flammable forms explosive mixtures with air (natural gas)

Undergoes combustion yielding CO2 and water
Reactivity comparison
» CH4 exhibits higher reactivity than CO2 in atmospheric chemistry
* CH4 participates in tropospheric reactions with hydroxyl radicals forming water and CO2

» CO2 primarily acts as greenhouse gas without significant chemical transformations in atmosphere

Sources and sinks in atmosphere

+ Carbon dioxide sources
* Fossil fuel combustion releases stored carbon (coal, oil, natural gas)

* Deforestation and land-use changes reduce CO2 absorption capacity
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» Cement production emits CO2 during limestone calcination

Volcanic eruptions release geologic CO2 (Mount Etna)

Carbon dioxide sinks
* Photosynthesis by plants and phytoplankton converts CO2 to biomass
» Oceans absorb CO2 through dissolution and biological processes

Rock weathering slowly removes atmospheric CO2 (silicate minerals)
Methane sources
» Wetlands produce CH4 through anaerobic decomposition (swamps, bogs)
* Livestock emit CH4 through enteric fermentation (cattle, sheep)
* Rice paddies generate CH4 in flooded fields
* Landfills and waste treatment facilities release CH4 from organic matter decay

Fossil fuel extraction and distribution lead to CH4 leaks (natural gas pipelines)
Methane sinks
* Hydroxyl radicals in troposphere react with CH4 forming water and CO2
+ Soil oxidation by methanotrophic bacteria converts CH4 to CO2

« Stratospheric loss occurs through reactions with chlorine and oxygen radicals

Trends in atmospheric concentrations

+ Carbon dioxide trends

* Pre-industrial levels measured approximately 280 ppm

* Current levels exceed 410 ppm showing significant anthropogenic increase

* Annual growth rate averages 2-3 ppm per year accelerating in recent decades

Seasonal fluctuations reflect plant growth cycles (higher in winter, lower in summer)

Methane trends

* Pre-industrial levels estimated at 700 ppb
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* Current levels surpass 1800 ppb indicating substantial human impact
» Growth rate varied over time with periods of stability and rapid increase

Recent acceleration in growth rate observed since 2007 possibly due to increased emissions and feedback
mechanisms

Factors influencing trends
* Industrial revolution sparked increased fossil fuel use and CO2 emissions
+ Population growth drove agricultural expansion and CH4 emissions
* Deforestation and land-use changes reduced natural CO2 sinks

» Feedback mechanisms amplify emissions (permafrost thawing releases trapped CH4)

Climate impacts and mitigation strategies

* Climate impacts

» Greenhouse effect enhancement traps more heat in atmosphere

» CO2 exerts long-lived, cumulative effect on global warming

* CH4 acts as more potent greenhouse gas per molecule but shorter-lived
* Global temperature increase leads to various environmental changes

* Sea level rise threatens coastal areas and island nations

+ Ocean acidification harms marine ecosystems and coral reefs

» Changes in precipitation patterns affect agriculture and water resources

Extreme weather events become more frequent and intense (hurricanes, droughts)
Mitigation strategies for CO2
* Transition to renewable energy sources reduces fossil fuel dependence (solar, wind)
« Improving energy efficiency lowers overall emissions (LED lighting, insulation)
 Carbon capture and storage technologies remove CO2 from point sources
+ Reforestation and afforestation increase natural CO2 sinks

Sustainable urban planning and transportation reduce emissions in cities

Mitigation strategies for CH4
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* Improved waste management and landfill practices capture and utilize CH4

» Methane capture from coal mines and oil/gas operations prevents release

» Modified livestock diets and manure management reduce enteric fermentation
* Reduced rice paddy flooding time decreases anaerobic CH4 production

Leak detection and repair in natural gas infrastructure prevents fugitive emissions
Comparative effectiveness
* Global Warming Potential concept compares greenhouse gases' impact
* CH4 shows higher GWP than CO2 over short time scales (20-year horizon)
» CO2 exhibits longer atmospheric lifetime and cumulative effect
» Methane mitigation offers rapid, short-term climate benefits

» CO2 reduction remains essential for long-term climate stabilization

10.4 Climate Feedback Mechanisms and Tipping Points

Climate feedback mechanisms are crucial processes that either amplify or diminish climate change effects.
These mechanisms create self-reinforcing cycles or counteract initial changes, playing a vital role in the
Earth's climate system. Understanding them is key to accurate climate modeling and predictions.

Examples of climate feedbacks include ice-albedo, water vapor, cloud, carbon cycle, vegetation, and
methane release. These feedbacks operate on various timescales and can have complex interactions.
Climate tipping points are critical thresholds that can trigger substantial, often irreversible changes in the
Earth's climate system.

Climate Feedback Mechanisms

Climate feedback mechanisms
* Processes amplify (positive feedback) or diminish (negative feedback) climate change effects
* Positive feedbacks create self-reinforcing cycles, leading to further warming or cooling
* Negative feedbacks counteract initial changes, helping stabilize climate system
» Understanding these mechanisms crucial for accurate climate modeling and predictions

» Feedbacks operate on various timescales (days to millennia)

Examples of climate feedbacks

* Ice-albedo feedback (positive) decreases ice cover exposes darker surfaces absorbing more solar
radiation

» Water vapor feedback (positive) warmer air holds more water vapor trapping additional heat

* Cloud feedback (complex) varies based on cloud type and altitude affecting Earth's energy balance
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+ Carbon cycle feedback includes ocean carbon uptake (negative) and permafrost thawing (positive)
* Vegetation feedback involves CO2 fertilization effect (negative) and forest dieback (positive)
» Methane release from wetlands (positive) increases with warming temperatures

» Ocean acidification feedback (negative) enhances CO2 absorption as pH decreases

Concept of climate tipping points

« Critical thresholds in Earth's climate system trigger substantial, often irreversible changes

« Characterized by non-linear responses to gradual changes and self-reinforcing processes

* Can lead to rapid transitions in climate patterns and ecosystem states

* Potential consequences include accelerated climate change, ecosystem disruption, sea level rise
* Tipping points may interact, creating cascading effects throughout the climate system

« Identifying and understanding tipping points crucial for climate risk assessment and mitigation
strategies

Potential climate system tipping points

* Arctic sea ice loss reduces albedo accelerates warming affects global ocean circulation

*» Greenland ice sheet melting contributes to sea level rise alters ocean circulation patterns

» West Antarctic ice sheet collapse causes rapid sea level rise changes ocean heat distribution

* Amazon rainforest dieback transitions to savanna releases stored carbon alters regional climate
» Permafrost thawing releases methane and CO2 creates positive feedback loop

« Atlantic Meridional Overturning Circulation slowdown impacts heat distribution and marine
ecosystems

« Coral reef die-offs reduce marine biodiversity affect coastal protection and food security

* Boreal forest shifts alter albedo and carbon storage patterns in high latitudes
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Unit 11 — Emerging Contaminants in
Water Systems

11.1 Sources, Fate, and Transport of Pharmaceuticals in the
Environment

Pharmaceuticals in the environment pose a growing concern. From human and veterinary sources to
healthcare facilities and manufacturing, these compounds enter water and soil through various pathways.
Their fate in aquatic, soil, and atmospheric environments depends on complex interactions and
transformations.

Environmental contamination by pharmaceuticals carries ecological and human health risks. Endocrine
disruption in wildlife, antibiotic resistance, and potential long-term effects on human health are major
concerns. Wastewater treatment plays a crucial role in mitigating these risks, but faces challenges in
effectively removing diverse pharmaceutical compounds.

Sources and Fate of Pharmaceuticals in the Environment

Sources of pharmaceutical contamination

* Human sources
« Excretion of metabolized and unmetabolized drugs through urine and feces enters sewage systems

* Improper disposal of unused medications flushed down toilets or thrown in trash contaminates water
and soll

* Veterinary sources

« Livestock farming releases antibiotics and growth hormones via animal waste

» Aquaculture introduces antibiotics and parasiticides into water bodies

* Healthcare facilities

* Hospitals discharge various pharmaceuticals through wastewater

* Nursing homes contribute to contamination due to high medication use among residents

» Pharmaceutical manufacturing

* Industrial effluents from drug production facilities release active ingredients and byproducts
* Agriculture

* Use of pharmaceuticals in crop protection introduces pesticides and fungicides into soil and water

Fate of pharmaceuticals in environment

» Aquatic environments
* Sorption to sediments removes compounds from water column

* Photodegradation in surface waters breaks down light-sensitive molecules
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* Biodegradation by microorganisms transforms or mineralizes pharmaceuticals

+ Soil environments

+ Adsorption to soil particles affects mobility and bioavailability

* Leaching into groundwater contaminates aquifers

* Plant uptake transfers compounds into vegetation (carrots, lettuce)

» Atmosphere

« Volatilization of certain compounds (fragrances, disinfectants) releases them into air

* Deposition through precipitation returns airborne pharmaceuticals to land and water

* Biota

+ Bioaccumulation in aquatic organisms concentrates compounds in tissues (fish, mussels)

* Biomagnification in food chains increases concentrations at higher trophic levels (eagles, seals)

Environmental and Health Impacts

Risks of pharmaceutical contamination

* Ecological risks

* Endocrine disruption in aquatic organisms alters reproduction and development (fish feminization)
* Antibiotic resistance development in environmental bacteria threatens ecosystem health

« Altered behavior in wildlife impacts feeding and mating patterns (antidepressants affecting fish)

* Bioaccumulation in food webs transfers contaminants up trophic levels

* Human health risks

» Exposure through drinking water introduces low doses of various pharmaceuticals

» Consumption of contaminated food (fish, crops) exposes humans to bioaccumulated compounds
* Potential for antibiotic-resistant infections increases due to environmental selection pressure

+ Chronic low-dose exposure effects may lead to subtle long-term health impacts

Effectiveness of wastewater treatment

« Conventional treatment processes

* Primary treatment: physical separation removes large particles and some hydrophobic compounds
» Secondary treatment: biological degradation breaks down biodegradable pharmaceuticals

* Tertiary treatment: advanced filtration further reduces contaminant levels

» Advanced treatment technologies

« Activated carbon adsorption effectively removes a wide range of organic compounds

» Ozonation oxidizes many pharmaceuticals, breaking them down into smaller molecules
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» Advanced oxidation processes generate hydroxyl radicals for enhanced degradation

» Membrane filtration (nandfiltration, reverse osmosis) provides high removal efficiency for many
pharmaceuticals

* Factors affecting removal efficiency

+ Physicochemical properties of pharmaceuticals (solubility, charge, molecular size) influence treatment
effectiveness

* Treatment process parameters (pH, temperature, contact time) impact removal rates

» Environmental conditions (seasonal variations, rainfall) affect treatment plant performance
* Challenges in pharmaceutical removal

* Diverse chemical structures of pharmaceuticals require multiple treatment approaches

* Low concentrations in wastewater make detection and removal difficult

» Formation of transformation products may create new compounds with unknown effects

11.2 Personal Care Products: Environmental Occurrence and Effects

Personal care products (PCPs) like soaps, shampoos, and cosmetics contain ingredients that serve
various functions. These products enter the environment through direct release, wastewater treatment
plants, landfill leachate, and agricultural runoff.

PCPs distribute widely in aquatic and terrestrial environments, impacting ecosystems. They can cause
endocrine disruption, antimicrobial resistance, and bioaccumulation in organisms. The mixture of PCPs in
the environment may have combined effects exceeding individual impacts.

Personal Care Products: Environmental Occurrence

Definition of personal care products

* Personal Care Products (PCPs) used for hygiene, cosmetics, appearance alteration encompass
soaps, shampoos, lotions, cosmetics, fragrances, sunscreens

» Common ingredients serve various functions:

« Surfactants clean and foam (sodium lauryl sulfate, cocamidopropyl betaine)

* Preservatives extend shelf life (parabens, formaldehyde-releasing compounds)
« UV filters protect skin (oxybenzone, avobenzone, titanium dioxide)

* Fragrances provide scents (synthetic musks, essential oils)

+ Antimicrobials inhibit bacteria (triclosan, triclocarban)

* Plasticizers improve flexibility (phthalates, bisphenol A)

Environmental entry routes for PCPs

* Direct release through bathing, swimming, rinsing products down drains

» Wastewater treatment plants incompletely remove PCPs, release residuals in effluent
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* Landfill leachate from disposed containers seeps into groundwater
* Atmospheric deposition via volatilization and air current transport

« Agricultural runoff from biosolid fertilizers and reclaimed wastewater irrigation
Environmental Impact and Effects

Distribution of PCPs in environment

» Aquatic environments:

« Surface waters contain ng/L to pg/L concentrations (rivers, lakes, oceans)
» Sediments accumulate hydrophobic compounds

* Terrestrial environments:

+ Soil contaminated through biosolids and irrigation

* Plants uptake and accumulate certain PCPs

* Biota:

* Fish and aquatic organisms bioaccumulate in tissues

* Terrestrial animals exposed through food chain and environment

* Drinking water contains trace amounts of PCPs

* Air carries volatile PCP compounds indoors and outdoors

Ecological impacts of PCPs

» Endocrine disruption interferes with hormone systems (triclosan, parabens, UV filters)

+ Antimicrobial resistance develops in bacteria, threatens human and environmental health
* Bioaccumulation of lipophilic PCPs in tissues leads to potential biomagnification

« Mixture toxicity combines effects of multiple PCPs, potentially exceeding individual impacts
» Aquatic organisms experience:

* Altered fish reproductive behavior

* Amphibian developmental abnormalities

* Reduced invertebrate growth and survival

* Terrestrial impacts include:

* Soil microbial community changes

* Plant growth and development effects

* Indirect ecological effects:

* Food web disruption

» Ecosystem function alterations
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11.3 Microplastics: Sources, Distribution, and Ecological Impacts

Microplastics are tiny plastic particles under 5 mm that pollute our environment. They come from various
sources like industrial processes, consumer products, and transportation. These particles are everywhere,
from oceans to soil to air.

The spread of microplastics in ecosystems is influenced by factors like particle size and water currents.
They impact wildlife through ingestion, bioaccumulation, and toxicity. This pollution affects individual
organisms and entire ecosystems, altering biodiversity and nutrient cycles.

Understanding Microplastics

Definition and classification of microplastics

* Microplastics consist of small plastic particles less than 5 mm in size pervasive in environment
« Size classification categorizes particles based on dimensions

» Nanoplastics measure < 1 pm often undetectable by conventional methods

+ Microplastics range from 1 ym - 5 mm visible under microscope

« Origin classification differentiates based on production method

* Primary microplastics manufactured intentionally at microscopic size (microbeads in cosmetics)

» Secondary microplastics form from degradation of larger plastic items (fragments from bottles, fibers
from clothing)

Sources of microplastics

* Industrial sources release particles during manufacturing and processing
* Plastic production facilities emit pellets and powders

» Wastewater treatment plants discharge microfibers and fragments

» Consumer products shed microplastics during use and disposal

* Personal care items release microbeads (exfoliating scrubs, toothpaste)
+ Synthetic textiles shed fibers during washing (polyester clothing, nylon carpets)
* Agricultural practices introduce plastics to soil and water

* Plastic mulch films degrade over time releasing fragments

* Seed coatings break down during germination

* Transportation contributes to microplastic pollution

» Tire wear particles accumulate on roads and wash into waterways

* Road markings degrade and release plastic particles

+ Fishing and maritime activities generate marine microplastics

* Lost or discarded fishing gear (nets, lines) breaks down in oceans

* Boat paint chips flake off during maintenance and use
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Environmental Distribution and Impacts

Distribution in ecosystems

» Aquatic ecosystems harbor microplastics throughout water column

» Oceans accumulate particles in surface waters, water column, and sediments
» Freshwater systems transport microplastics through rivers and deposit in lakes
* Terrestrial ecosystems retain microplastics in soil and air

« Soil acts as sink for particles from various sources

« Air currents transport lightweight microplastics over long distances

« Factors affecting distribution influence particle movement

* Particle size and density determine buoyancy and settling rates

» Water currents and wind patterns transport particles globally

* Precipitation and runoff wash microplastics from land to water bodies

» Accumulation hotspots concentrate microplastics in specific areas

* Coastal areas receive input from land and sea

» Ocean gyres trap floating particles in circular currents

* River mouths collect microplastics from entire watersheds

» Urban areas generate high concentrations due to human activities

Ecological impacts on biota

* Ingestion occurs when organisms mistake microplastics for food

* Physical effects include gut blockage and false sense of fullness

* Bioaccumulation results in trophic transfer through food chains

+ Biomagnification concentrates particles in higher trophic levels

* Toxicity arises from chemical interactions with microplastics

* Leaching of additives releases harmful compounds (plasticizers, flame retardants)
* Sorption and transport of environmental contaminants increases exposure

+ Impacts on different organisms vary based on feeding habits and habitat

* Plankton and filter feeders ingest particles directly from water

* Fish and marine mammals accumulate microplastics through prey consumption
« Seabirds ingest floating particles mistaken for food

+ Soil organisms encounter microplastics in terrestrial environments

» Ecosystem-level effects alter ecological processes
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« Community structure changes due to differential impacts on species
* Nutrient cycling disrupted by microplastic interference

* Biodiversity potentially affected by long-term exposure and accumulation

11.4 Analytical Methods for Detecting and Quantifying Emerging
Contaminants

Emerging contaminants pose new challenges for environmental analysis. Scientists use advanced
techniques like chromatography and mass spectrometry to detect and measure these pollutants in
complex environmental samples. These methods offer high sensitivity and selectivity, crucial for identifying
trace amounts of diverse compounds.

Proper sample preparation and data interpretation are key to accurate results. Analysts must carefully
select extraction methods, calibrate instruments, and validate data. Quality control measures and
understanding analytical limitations ensure reliable environmental monitoring of emerging contaminants.

Analytical Techniques for Emerging Contaminants

Analytical techniques for emerging contaminants

» Chromatography techniques

» Gas Chromatography (GC) separates volatile and semi-volatile compounds with high resolution and
sensitivity (pesticides, PCBs)

+ Liquid Chromatography (LC) analyzes non-volatile and thermally unstable compounds across wide
polarity range (pharmaceuticals, personal care products)

* Mass Spectrometry (MS)

* Often coupled with chromatography (GC-MS, LC-MS) provides structural information and high
selectivity

« Different ionization techniques (ESI, APCI, EIl) optimize compound detection
* Spectroscopic methods

» UV-Vis spectrophotometry offers simple and cost-effective analysis with limited selectivity for complex
mixtures

* Fluorescence spectroscopy delivers high sensitivity for fluorescent compounds (PAHSs, proteins)
* Electrochemical techniques

* Voltammetry and amperometry detect redox-active contaminants and can be miniaturized for field use
(heavy metals, nitrates)

* Immunoassays

+ ELISA targets specific compounds with high selectivity but potential for false positives due to
cross-reactivity (hormones, pesticides)

Sample preparation methods and limitations

+ Solid-Phase Extraction (SPE)
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* Selectively retains analytes on solid sorbent

« Potential breakthrough at high sample volumes and matrix effects interfere with extraction efficiency
» Liquid-Liquid Extraction (LLE)

* Partitions analytes between immiscible solvents

* Requires large solvent volumes and emulsion formation complicates separation
* QUEChERS

» Combines salting-out extraction with dispersive SPE cleanup

* May not suit very polar or non-polar compounds (pesticides, veterinary drugs)

* Microwave-Assisted Extraction (MAE)

» Uses microwave energy to heat solvent and sample

* Risks thermal degradation of heat-sensitive compounds

* Accelerated Solvent Extraction (ASE)

* Employs high pressure and temperature to improve extraction efficiency

« High initial equipment cost and unsuitable for thermally labile compounds

Data Interpretation and Analytical Strategy

Data interpretation for emerging contaminants

+ Calibration and quantification

« Calibration curves ensure accurate quantification

* Internal vs external standardization compensates for matrix effects

» Matrix-matched calibration improves accuracy in complex samples

* Quality control measures

* Method blanks assess contamination levels

* Spike recovery experiments evaluate accuracy

* Replicate analyses determine precision

+ Detection and quantification limits

+ LOD and LOQ distinguish between detection and reliable quantification
* Environmental sample matrices affect detection limits

+ Data validation criteria

» Chromatographic peak shape and resolution indicate separation quality
» Mass spectral matching confirms compound identification

« Signal-to-noise ratios determine peak integration reliability
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* Uncertainty estimation
+ Analytical measurements involve various uncertainty sources

« Error propagation in multi-step analyses affects final results

Analytical strategies for environmental monitoring

» Sample collection and preservation

* Representative sampling techniques ensure accurate environmental assessment
« Container selection based on analyte properties prevents contamination

* Preservation methods maintain sample integrity

+ Screening methods 1. Rapid techniques for initial assessment (immunoassays, portable
spectrophotometers) 2. Prioritization of samples for detailed analysis

 Confirmatory analysis

» Chromatographic and detection methods selection considers matrix effects and potential interferences
* Quality assurance and quality control (QA/QC) plan

* Field and laboratory blanks monitor contamination

* Certified reference materials validate method accuracy

* Inter-laboratory comparison studies ensure result consistency

« Data management and reporting

* Analytical procedures documentation ensures traceability

« Statistical analysis of results reveals trends and significance

« Data interpretation considers environmental regulations context
» Method optimization and validation

« Existing methods adapted for specific emerging contaminants

+ Validation parameters: accuracy, precision, selectivity, and robustness ensure method reliability
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Unit 12 — Environmental Analysis:
Sampling & Data

12.1 Environmental Sampling Strategies and Quality Assurance

Environmental sampling strategies are crucial for accurate data collection in environmental studies. They
ensure representative samples, enabling valid statistical analysis and detection of variations. These
strategies support regulatory compliance and help track changes over time, from contamination levels to
climate change impacts.

Different techniques are used for various environmental matrices. Soil sampling methods include grab
samples and core sampling. Water sampling employs grab samples and depth-integrated samples. Air
sampling uses passive and active samplers. Biota sampling involves random, stratified, and targeted
approaches for ecosystem assessments.

Environmental Sampling Strategies

Importance of representative sampling

» Ensures accurate environmental characterization reducing bias in data collection providing reliable
information for decision-making

+ Allows valid statistical analysis enabling extrapolation of results to larger populations supporting
confident conclusions about environmental conditions

« Facilitates detection of spatial and temporal variations helping identify hotspots (contaminated sites)
or areas of concern enabling tracking of changes over time (climate change impacts)

» Supports regulatory compliance meeting requirements for environmental monitoring programs
ensuring defensible data for legal or regulatory purposes (EPA standards)

Techniques for environmental matrices
* Soil sampling
» Grab samples for surface soils assess immediate contamination levels
» Core sampling for depth profiles analyze soil stratification and contaminant migration
» Composite sampling for large areas provide average concentrations across fields or industrial sites
» Water sampling
» Grab samples for discrete points assess point source pollution (industrial outfalls)

+ Depth-integrated samples for water columns evaluate vertical distribution of pollutants in lakes or
oceans

+ Automated samplers for time-series data monitor fluctuations in river water quality during storm events
* Air sampling

* Passive samplers for long-term average concentrations measure ambient air quality in urban areas
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* Active samplers for short-term measurements assess occupational exposure to volatile organic
compounds

 Continuous monitors for real-time data track air pollution levels during smog events

* Biota sampling

» Random sampling for population studies assess fish stocks in marine ecosystems

« Stratified sampling for ecosystem assessments evaluate biodiversity across different forest habitats

» Targeted sampling for specific species or habitats monitor endangered species populations (polar
bears)

Quality Assurance and Control

Quiality assurance in sampling

+ Quality Assurance (QA) establishes systematic processes ensuring data quality defines standard
operating procedures (SOPs) implements staff training and certification programs

* Quality Control (QC) monitors and documents sampling process includes field and laboratory blanks
utilizes duplicate samples and split samples

+ Data validation and verification reviews field and laboratory records performs statistical analysis of QC
samples identifies and investigates anomalies or outliers

* Ensures data reliability and comparability supports confident decision-making allows for data sharing
between studies or agencies (EPA and state environmental departments)

Development of sampling plans

1. Define study objectives and data quality requirements - Identify parameters of interest (heavy metals,
organic pollutants) - Determine required precision and accuracy

2. Select appropriate sampling design - Simple random sampling for homogeneous areas - Stratified
sampling for diverse ecosystems - Systematic sampling for gradient studies

3. Determine sample size and frequency - Consider statistical power and confidence levels - Account
for spatial and temporal variability (seasonal changes)

4. Choose sampling methods and equipment - Select appropriate techniques for each matrix (soil
corers, water pumps) - Ensure compatibility with analytical methods (ICP-MS, GC-MS)

5. Establish sample handling and preservation protocols - Define container types and cleaning
procedures (acid-washed bottles) - Specify holding times and storage conditions (4°C refrigeration)

6. Develop QA/QC procedures - Include field and laboratory QC samples (trip blanks, matrix spikes) -
Define acceptance criteria for QC results

7. Create documentation and chain of custody procedures - Design field data sheets and sample labels
- Establish sample tracking system

8. Plan for data management and analysis - Define data storage and backup procedures - Outline
statistical analysis methods (ANOVA, multivariate analysis)
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12.2 Chromatographic and Spectroscopic Techniques for Environmental
Analysis

Chromatography and spectroscopy are essential tools in environmental chemistry. These techniques help
scientists separate, identify, and measure pollutants in air, water, and soil samples. From gas
chromatography to atomic spectroscopy, each method offers unique insights into environmental
contaminants.

Understanding how to interpret chromatograms and spectra is crucial for accurate analysis. By mastering
these techniques, environmental chemists can detect trace amounts of pollutants, monitor ecosystem
health, and develop strategies to mitigate environmental damage.

Chromatographic Techniques

Gas vs liquid chromatography principles

» Gas Chromatography (GC) uses inert gas mobile phase (helium, nitrogen) with liquid or solid
stationary phase separates compounds based on volatility and interactions

+ Liquid Chromatography (LC) employs liquid solvent mobile phase with solid particles or liquid-coated
solid support stationary phase separates based on polarity and interactions

* Both techniques utilize mobile phase to carry analytes through stationary phase causing separation
via differential partitioning

» GC operates at higher temperatures suits volatile and thermally stable compounds while LC runs at
room temperature accommodates non-volatile and thermally labile substances

» Sample prep for GC may require derivatization LC often simpler

» GC typically uses FID or MS for detection LC commonly employs UV-Vis or MS

Spectroscopic Techniques

UV-Vis and IR spectroscopy applications

» UV-Visible Spectroscopy detects organic compounds with conjugated systems quantifies metal ions in
water samples monitors air pollutants (ozone, nitrogen dioxide) analyzes photochemical reactions in
atmospheric chemistry

« Infrared (IR) Spectroscopy identifies functional groups in organic pollutants characterizes
microplastics in environmental samples analyzes greenhouse gases (CO2, CH4) studies soil organic
matter composition

* Both techniques provide non-destructive rapid analysis of environmental samples

» UV-Vis excels in quantitative analysis while IR offers detailed structural information

Atomic spectroscopy in elemental analysis

» Atomic Absorption Spectroscopy (AAS) quantifies metal ions in water soil and air samples detects
trace elements in environmental matrices monitors heavy metal contamination in ecosystems

» Atomic Emission Spectroscopy (AES) performs multi-element analysis of environmental samples
determines alkali and alkaline earth metals characterizes geological materials
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* AAS provides higher sensitivity for certain elements while AES enables simultaneous multi-element
analysis

* Both techniques offer elemental fingerprinting of samples crucial for environmental monitoring and
pollution assessment

Interpretation of chromatograms and spectra

» Chromatogram analysis uses retention time to identify compounds based on elution order peak area
or height to quantify analyte concentration and peak shape to assess separation efficiency and potential
interferences

» UV-Vis spectrum interpretation identifies chromophores and conjugated systems through absorption
maxima uses Beer-Lambert Law (A = £bc) for quantification applies baseline correction and spectral
subtraction for complex matrices

* IR spectrum analysis identifies functional groups through characteristic absorption bands confirms
compound identity using fingerprint region performs quantitative analysis using peak intensity ratios

+ Atomic spectra interpretation identifies elements present through emission lines quantifies elemental
concentrations using line intensity and employs calibration curves to relate signal intensity to
concentration

* Proper interpretation of these analytical outputs crucial for accurate identification and quantification of
environmental contaminants

12.3 Mass Spectrometry and Its Applications in Environmental
Chemistry

Mass spectrometry is a powerful analytical technique used to identify and quantify molecules in complex
environmental samples. It works by ionizing compounds, separating them based on mass-to-charge ratio,
and detecting the resulting ions to create a unique "fingerprint" for each substance.

When combined with chromatography, mass spectrometry becomes even more potent for environmental
analysis. This pairing allows scientists to detect trace levels of pollutants, identify unknown contaminants,
and track the fate of chemicals in air, water, and soil with incredible precision and sensitivity.

Mass Spectrometry Fundamentals

Principles of mass spectrometry

* lonization converts sample molecules into charged particles using methods like electron ionization,
electrospray ionization, or matrix-assisted laser desorption/ionization (MALDI)

» Mass analyzer separates ions based on their mass-to-charge ratio (m/z) using quadrupole,
time-of-flight, ion trap, or magnetic sector techniques

* Detector measures ion abundance at each m/z value and converts ion signal to electrical signal
* Vacuum system maintains low pressure environment allowing unimpeded ion movement

+ Data system processes and displays mass spectra as plots of ion abundance vs. m/z ratio

* Resolution distinguishes between closely spaced m/z values (0.1 amu difference)

* Sensitivity determines minimum detectable analyte amount (picogram to femtogram range)
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Mass spectrometry with chromatography
* Enhanced separation of complex mixtures improves individual component identification
» Reduced matrix effects and ion suppression increase accuracy
* Increased sensitivity and selectivity enable trace-level contaminant analysis (parts per trillion)
» Complementary information from retention time and mass spectra aids compound identification
+ Quantification of target analytes in complex environmental samples becomes more precise

* Time-resolved analysis of dynamic environmental processes captures temporal changes
Applications and Interpretation

Applications for organic pollutants
* Persistent organic pollutants (POPs) identification detects PCBs, PAHSs, dioxins, and furans
* Pesticide residue analysis in soil and water samples measures concentration levels
* Pharmaceutical and personal care product detection in wastewater tracks environmental fate
« Emerging contaminants identification discovers new pollutants (microplastics, PFAS)
» Metabolomics studies reveal environmental stress effects on organisms
* Isotope ratio analysis tracks pollutant sources through unique isotopic signatures
* Non-target screening uncovers unknown environmental contaminants

« Volatile organic compounds (VOCs) monitoring assesses air quality (benzene, formaldehyde)

Interpreting mass spectra
* Molecular ion peak reveals molecular weight as highest m/z value of intact molecule
» Fragmentation pattern provides structural information through characteristic fragment peaks
* Isotope patterns indicate elements present based on natural isotope abundances
+ Base peak represents most stable fragment or molecular ion as most intense peak
» Mass spectral libraries enable unknown spectra comparison with reference databases
* Accurate mass measurements determine elemental composition (£0.001 amu precision)
» Tandem mass spectrometry (MS/MS) performs further fragmentation of selected ions

* Retention time correlation aids compound identification when coupled with chromatography

12.4 Data Analysis, Interpretation, and Reporting in Environmental
Studies

Environmental data analysis is crucial for understanding pollution trends and making informed decisions.
Statistical methods help summarize complex datasets, revealing patterns and relationships that guide
policy. From descriptive stats to advanced techniques, these tools are essential for interpreting
environmental information.

Fiveable archived study guides Page 97



Proper data analysis goes beyond crunching numbers. It involves careful interpretation within regulatory
contexts, effective communication of findings, and understanding limitations. By mastering these skills,
environmental scientists can turn raw data into actionable insights that drive positive change.

Statistical Methods and Data Quality

Statistical analysis of environmental data

* Descriptive statistics summarize data central tendency and spread using mean, median, mode,
standard deviation, range, interquartile range

« Inferential statistics draw conclusions from data samples through hypothesis testing, confidence
intervals, p-values

« Correlation and regression analysis examine relationships between variables using Pearson
correlation coefficient, linear regression, multiple regression

* Analysis of variance (ANOVA) compares means across multiple groups

* Quality control measures ensure data reliability through precision, accuracy, detection limits, blanks,
spikes

* Outlier detection identifies and treats anomalous data points

+ Data distribution analysis examines patterns using normal distribution, skewness, kurtosis

Interpretation within regulatory context
» Compare results to regulatory standards (EPA guidelines, state regulations)
» Conduct risk assessment based on analytical data
* Perform trend analysis in environmental monitoring
 Evaluate compliance with permit requirements
* Understand action levels and exceedances
* Interpret bioaccumulation and biomagnification data

 Assess background levels vs anthropogenic contributions (natural vs human-caused)

Communication of environmental findings

+ Data visualization techniques convey information through bar charts, histograms, pie charts, scatter
plots, line graphs, box plots

» Geographic Information Systems (GIS) represent spatial data

 Time series analysis shows changes over time

« Statistical summary tables condense large datasets

* Clear report writing includes executive summaries, methods, results, discussion
* Proper citation references data sources

» Tailor communication to audiences (technical vs non-technical, stakeholder-specific)
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Limitations of analytical techniques

» Sample collection, preservation, storage introduce potential errors
 Analytical instruments have detection limits, sensitivity, selectivity constraints
 Matrix effects in environmental samples interfere with analysis

* Uncertainty propagates through calculations

« Statistical methods assume normality, face small sample size challenges

* Environmental systems exhibit temporal and spatial variability

* Field vs laboratory measurements pose unique challenges

* QA/QC data interpretation ensures result reliability

» Confidence levels in results must be understood and reported

Fiveable archived study guides Page 99



Unit 13 — Environmental Remediation:
Physical to Bio

13.1 Physical Remediation Techniques: Pump-and-Treat, Air Sparging,
and Soil Vapor Extraction

Groundwater and soil remediation techniques are crucial for cleaning up contaminated sites. These
methods, including pump-and-treat systems, air sparging, and soil vapor extraction, target different types
of pollutants and environmental conditions.

Each technique has its strengths and limitations. Understanding their mechanisms and effectiveness helps
environmental professionals choose the best approach for specific contamination scenarios, often
combining methods for optimal results.

Groundwater and Soil Remediation Techniques

Principles of pump-and-treat systems

* Pump-and-treat extracts contaminated groundwater through wells treats it above ground and reinjects
or discharges treated water

» System incorporates extraction wells pump contaminated water to treatment plant and reinjection
wells or surface discharge points

* Targets dissolved phase contaminants and non-aqueous phase liquids (NAPLSs) in groundwater

* Treatment methods employ air stripping volatilizes contaminants activated carbon adsorption removes
organics chemical oxidation breaks down pollutants and biological treatment uses microorganisms

« Efficiency depends on aquifer hydraulic conductivity contaminant properties (solubility, sorption) and
subsurface heterogeneity

« Limitations include long treatment times tailing effect (slowed contaminant removal) and rebound
effect (contaminant concentration increase after pumping stops)

Mechanisms of air sparging

« Air sparging injects pressurized air into saturated zone volatilizes contaminants and enhances
biodegradation

» System uses air injection wells and optional vapor extraction system to capture released vapors

* Removes volatile organic compounds (VOCs) and semi-volatile organic compounds (SVOCs) from
groundwater

» Contaminant removal occurs through partitioning of dissolved contaminants into air phase stripping of
sorbed contaminants and increased oxygen for aerobic biodegradation

« Effectiveness influenced by soil permeability depth to water table and contaminant volatility
» Advantages include in-situ treatment and relatively quick remediation times

+ Limitations involve potential uncontrolled vapor migration and unsuitability for low-permeability soils
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Soil vapor extraction for VOCs

+ Soil vapor extraction (SVE) creates negative pressure in vadose zone induces air flow through
contaminated soil and removes volatile contaminants in vapor phase

» Components include extraction wells vacuum pump and treatment system for extracted vapors

* Targets volatile organic compounds (VOCs) and some semi-volatile organic compounds (SVOCs) in
unsaturated soils

« Effectiveness depends on soil permeability moisture content contaminant vapor pressure and Henry's
law constant

* Enhancement techniques utilize thermal enhancement increases volatilization and pneumatic
fracturing improves air flow in tight soils

» Advantages encompass minimal site disturbance and relatively quick remediation times

« Limitations include reduced effectiveness in low-permeability soils and high soil moisture content

Comparison of physical remediation techniques

* Pump-and-treat effectively removes dissolved contaminants and prevents plume migration but
requires long treatment times and high operational costs

* Air sparging provides in-situ treatment for both dissolved and sorbed contaminants but risks
uncontrolled vapor migration and limited effectiveness in low-permeability soils

« Soil vapor extraction efficiently removes volatile contaminants from vadose zone with minimal site
disturbance but unsuitable for saturated soils and less effective with high soil moisture

» Comparative effectiveness varies based on contaminant type soil characteristics and depth of
contamination

» Pump-and-treat suits large deep plumes air sparging works for shallow to moderate depth
contamination and SVE excels in shallow unsaturated zone contamination

» Combining techniques like air sparging with SVE or pump-and-treat with in-situ methods can enhance
overall remediation effectiveness

13.2 Chemical Remediation Methods: Oxidation, Reduction, and
Stabilization

Chemical oxidation and reduction are powerful tools in environmental cleanup. These processes involve
electron transfer between substances, transforming harmful pollutants into less toxic forms. Oxidants like
hydrogen peroxide and reducing agents such as zero-valent iron are commonly used to treat contaminated
soil and water.

In-situ chemical oxidation (ISCO) is a popular method for treating various contaminants directly in the
ground. It's effective against petroleum products and chlorinated solvents. Chemical reduction techniques,
on the other hand, can remove chlorine from compounds and stabilize metal pollutants, making them less
mobile and harmful to the environment.
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Chemical Oxidation and Reduction in Environmental Remediation

Principles of chemical redox reactions

» Oxidation-reduction (redox) reactions involve electron transfer between species
+ Oxidation results in loss of electrons while reduction involves gain of electrons

« Common oxidizing agents used in environmental remediation include hydrogen peroxide (H202),
permanganate (MnO4-), and persulfate (S2082-)

» Common reducing agents employed include zero-valent iron (ZVI) and sodium dithionite (Na2S204)
» Redox potential (Eh) measures oxidizing or reducing power expressed in volts
* pH significantly influences redox reactions by affecting species solubility and reaction rates

« Kinetics of redox reactions in environmental systems depend on factors like temperature,
concentration, and catalysts

Effectiveness of in-situ chemical oxidation

+ ISCO process involves direct injection of oxidants into contaminated zones for rapid contaminant
degradation

* Target contaminants include petroleum hydrocarbons, chlorinated solvents, and polycyclic aromatic
hydrocarbons (PAHSs)

+ Oxidant selection criteria consider contaminant type, soil and groundwater characteristics, and
reaction kinetics

+ Delivery methods encompass direct push injection, permanent injection wells, and fracturing
techniques

» Monitoring assesses contaminant concentration reduction, oxidant persistence and distribution, and
geochemical parameter changes

« Limitations include oxidant demand from natural organic matter, heterogeneous subsurface
conditions, and potential mobilization of metals (arsenic, lead)

Chemical Reduction and Stabilization Techniques

Chemical reduction for contaminant remediation

* Reductive dechlorination removes chlorine atoms through electron donation, sequentially reducing
chlorinated compounds (TCE to DCE to VC)

 Zero-valent iron (ZVI) applications include permeable reactive barriers and injectable nano-scale ZVI
for in-situ treatment

+» Reductive precipitation converts soluble metal ions to insoluble forms (chromium (VI) to chromium

()

« Sulfate-reducing bacteria facilitate metal remediation by reducing sulfate to sulfide, forming insoluble
metal sulfides
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« Electrokinetic reduction applies electric current to soil or groundwater, promoting migration and
reduction of metal contaminants

Chemical stabilization of pollutants

» Chemical stabilization alters contaminant speciation and reduces mobility and bioavailability
« Common stabilizing agents include Portland cement, lime, phosphates, and iron-based amendments
« Stabilization mechanisms involve precipitation, adsorption, ion exchange, and encapsulation
+ Soil remediation applications include in-situ soil mixing and ex-situ stabilization/solidification

» Sediment remediation techniques utilize capping with reactive materials and in-situ injection of
stabilizing agents

* Long-term stability considerations include leaching potential, pH changes over time, and redox
conditions

+ Performance evaluation methods employ leaching tests (TCLP, SPLP), sequential extraction
procedures, and bioavailability assays

13.3 Bioremediation and Phytoremediation Strategies

Biological remediation strategies harness nature's power to clean up pollution. Microorganisms and plants
are enlisted to break down or remove contaminants from soil and water. These eco-friendly methods offer
cost-effective solutions for many environmental cleanup challenges.

Bioremediation uses microbes to degrade organic pollutants, while phytoremediation employs plants to
extract or stabilize contaminants. Both approaches have unique strengths and limitations, often working
best when combined. Success depends on optimizing environmental conditions for the cleanup organisms.

Biological Remediation Strategies

Bioremediation for organic contaminants

* Bioremediation uses microorganisms to degrade or transform environmental pollutants through
natural or enhanced biological processes

» Microorganisms break down complex organic molecules converting pollutants into less harmful
substances (carbon dioxide, water)

« Common target contaminants include petroleum hydrocarbons (gasoline, diesel), chlorinated solvents
(trichloroethylene), and pesticides (DDT)

* |n situ treatment occurs at contamination site while ex situ involves removal and treatment elsewhere

* Microbial processes involve aerobic degradation using oxygen, anaerobic degradation without
oxygen, and co-metabolism where non-target compounds are degraded

Factors in bioremediation success

* Nutrient availability impacts microbial growth requiring carbon, nitrogen, and phosphorus often added
through biostimulation

» Oxygen supply affects aerobic vs anaerobic processes with techniques like oxygen injection or use of
alternative electron acceptors (nitrate, sulfate)
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» Temperature influences enzyme kinetics and metabolic rates with optimal range varying by microbe
species

» pH impacts microbial growth and contaminant bioavailability typically requiring 6-8 range
» Moisture content affects water availability for microbial processes needing 50-80% of field capacity
» Contaminant bioavailability depends on sorption to soil particles and dissolution in soil water

* Microbial community composition requires presence of appropriate degrading organisms sometimes
added through bioaugmentation

Phytoremediation and Comparison

Principles of phytoremediation
* Phytoremediation uses plants to remove, degrade, or stabilize contaminants in soil or water

* Mechanisms include phytoextraction (uptake into plant tissues), phytodegradation (breakdown within
plants or rhizosphere), phytostabilization (immobilization in soil), phytovolatilization (release of volatile
contaminants), and rhizofiltration (adsorption on roots)

* Applications involve removing heavy metals from soil (lead, cadmium), treating organic pollutants in
soil and groundwater (TCE, PAHSs), and remediating radionuclides (uranium, cesium)

* Plant selection criteria consider contaminant tolerance, biomass production, root system
characteristics, and use of hyperaccumulator species (Thlaspi caerulescens for zinc)

Bioremediation vs phytoremediation

* Bioremediation advantages include cost-effectiveness for large areas, minimal site disturbance,
potential for complete contaminant destruction, and applicability to many organic pollutants

+ Bioremediation limitations involve time-consuming processes, ineffectiveness for non-biodegradable
contaminants, potential for toxic intermediates, and sensitivity to environmental conditions

» Phytoremediation advantages encompass aesthetic appeal, low energy input, effectiveness for
organic and inorganic contaminants, and potential metal recovery

 Phytoremediation limitations include shallow depth restrictions, slow processes especially for trees,
potential food chain contamination, and climate/seasonal growth limitations

» Complementary use combines techniques for enhanced effectiveness utilizing rhizosphere
interactions between plants and microorganisms

13.4 Integrated Remediation Approaches and Technology Selection

Integrated remediation strategies tackle complex contamination by combining multiple approaches. This
synergy overcomes limitations of single technologies, improving efficiency and cost-effectiveness while
addressing diverse contaminants and site conditions.

Selecting the right mix of technologies involves considering contaminant properties, site characteristics,

regulations, and economic factors. A well-developed conceptual site model guides the process, ensuring a

tailored and effective remediation strategy.
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Integrated Remediation Strategies

Integration of remediation strategies

« Complex contamination scenarios often require multiple approaches to address diverse contaminants
and site conditions

« Single technology limitations overcome by integration targeting different contaminant phases or zones

* Benefits include improved efficiency, reduced treatment time, cost-effectiveness through synergistic
effects

» Combining physical, chemical, and biological methods enhances overall remediation effectiveness
(thermal desorption + bioremediation)

» Sequential treatment trains apply technologies in stages for optimal contaminant removal (chemical
oxidation followed by biodegradation)

+» Concurrent application of complementary technologies maximizes treatment efficiency (air sparging
with soil vapor extraction)

Factors in technology selection

» Contaminant properties influence treatment approach chemical structure, concentration, distribution,
toxicity, and mobility shape strategy

« Site characteristics impact technology feasibility geology, hydrogeology, soil composition,
groundwater depth, climate patterns affect implementation

* Regulatory requirements guide remediation goals cleanup standards, permitting, compliance issues,
timeline for completion dictate approach

* Technological considerations ensure effective implementation treatment efficiency, feasibility,
resource availability, expertise requirements shape selection

» Economic factors influence decision-making capital costs, operational expenses, long-term monitoring
needs impact technology choice

« Stakeholder concerns addressed in selection process community acceptance, land use plans,
environmental justice considerations factor into decisions

Conceptual site model development

» Components include contaminant source identification, release mechanisms, transport pathways,
exposure routes, receptors

+ Data collection involves site investigation techniques (soil borings, monitoring wells), sampling
strategies (grid, random, targeted)

« Analysis interprets analytical results to characterize contamination extent and behavior
+ Visualization utilizes 2D and 3D site maps, cross-sections, flow diagrams to represent site conditions
« Iterative refinement incorporates new data, adjusts remediation strategies based on model updates

* Risk assessment integrates conceptual model to evaluate potential human and ecological impacts
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Cost-effectiveness of integrated approaches

+ Cost considerations encompass initial capital expenses, operational and maintenance costs,
monitoring and reporting expenses

« Effectiveness metrics evaluate contaminant removal rates, time to achieve cleanup goals, residual
contamination levels

* Long-term sustainability factors assess energy consumption, resource utilization, ecosystem impacts

« Life cycle assessment evaluates environmental impacts across all remediation phases (site
preparation, treatment, monitoring)

» Economic analysis tools include net present value calculations, cost-benefit ratios, sensitivity analysis
for uncertain parameters

» Performance monitoring tracks progress, allows for adaptive management of integrated remediation
approaches
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Unit 14 — Environmental Chemistry:
Current Challenges

14.1 Marine Pollution and Ocean Acidification

Marine pollution threatens our oceans from various sources. Land-based contaminants like industrial waste
and agricultural runoff join marine-based pollutants from oil spills and ship discharges. These pollutants,
including chemicals, plastics, and excess nutrients, harm marine life and ecosystems.

Ocean acidification, caused by increased CO2 absorption, alters seawater chemistry and impacts marine
organisms. This process weakens shells and skeletons of creatures like corals and mollusks, disrupting
food webs and biodiversity. Mitigation efforts include regulations, technology, and ecosystem-based
approaches to protect our oceans.

Sources and Impacts of Marine Pollution

Sources and impacts of marine pollution

+ Land-based sources introduce contaminants to marine environments

* Industrial effluents discharge toxic chemicals and heavy metals

« Agricultural runoff carries excess nutrients and harmful chemicals

* Fertilizers lead to algal blooms and eutrophication

* Pesticides harm marine organisms and disrupt ecosystems

» Urban wastewater contains pathogens and microplastics
Plastic waste accumulates in oceans forming garbage patches (Great Pacific Garbage Patch)
Marine-based sources directly pollute water bodies

+ Oil spills release hydrocarbons damaging marine life (Deepwater Horizon)

« Ship discharges introduce ballast water and sewage

Offshore drilling releases oil and gas byproducts
Types of marine pollutants affect ecosystems differently
» Chemical pollutants persist in the environment
» Heavy metals (mercury, lead) bioaccumulate in food chains

* Persistent organic pollutants resist degradation (DDT, PCBs)

Fiveable archived study guides Page 107



* Nutrient pollution causes algal blooms and oxygen depletion
* Plastic debris entangles and is ingested by marine life
» Thermal pollution alters water temperature affecting species distribution

Noise pollution disrupts marine animal communication and navigation
Environmental impacts degrade marine ecosystems
« Eutrophication leads to oxygen-depleted dead zones
* Bioaccumulation in food chains affects top predators and humans
+ Habitat destruction reduces biodiversity (coral reef bleaching)
+ Biodiversity loss alters ecosystem functions and services

* Disruption of marine ecosystems affects global climate regulation

Process and effects of ocean acidification

Ocean acidification process alters seawater chemistry 1. Increased atmospheric CO2 absorption by
oceans 2. Chemical reaction: CO2 + H20 = H>CO3 3. Dissociation of carbonic acid:
H2CO3>H™ + HCOS 4. Decrease in ocean pH making water more acidic

Consequences for marine ecosystems impact various organisms
* Reduced calcification in marine organisms weakens shells and skeletons
+ Corals struggle to build and maintain reef structures
* Mollusks face difficulties in shell formation (oysters, mussels)
* Plankton experience reduced growth affecting food chains
* Altered marine food webs disrupt ecosystem balance
» Changes in species distribution and abundance shift ecological niches

* Impacts on fisheries and aquaculture threaten food security
Mitigation and Case Studies

Prevention of marine environmental threats

* Regulatory measures establish legal frameworks
* International conventions address global issues (MARPOL)

+ National policies implement local protection measures
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Emission standards limit pollutant releases

Technological solutions mitigate pollution sources
» Advanced wastewater treatment removes contaminants
* Plastic alternatives and recycling reduce waste

Carbon capture and storage decrease atmospheric CO2
Ecosystem-based approaches protect and restore habitats
» Marine protected areas conserve biodiversity hotspots

Coastal habitat restoration enhances natural buffers (mangroves, seagrasses)
Sustainable practices reduce environmental impacts

« Sustainable agriculture minimizes chemical runoff

* Responsible fishing maintains fish stocks

Green shipping reduces maritime pollution

Public awareness and education campaigns promote behavior change

Case studies in marine conservation

* Great Barrier Reef water quality improvement program enhances reef resilience
» Reduced agricultural runoff decreases nutrient pollution

Improved land management practices minimize sediment runoff
Baltic Sea Action Plan addresses regional pollution
* Reduced nutrient pollution decreases eutrophication

International cooperation among Baltic countries

California Ocean Acidification Action Plan tackles pH changes

Fiveable archived study guides Page 109



» Monitoring and research initiatives track acidification trends

Policy recommendations guide mitigation efforts
Mediterranean Action Plan protects shared marine resources
+ Reduction of land-based pollution improves water quality

Protection of marine biodiversity conserves ecosystems
Global Partnership on Marine Litter combats plastic pollution
* Plastic waste reduction initiatives target major sources

* International collaboration shares best practices and technologies

14.2 Persistent Organic Pollutants (POPs) and Their Global Distribution

Persistent Organic Pollutants (POPs) are toxic chemicals that resist breakdown and accumulate in
ecosystems. Their unique properties allow them to travel globally, impacting environments far from their
source. Understanding POPs is crucial for grasping the far-reaching effects of chemical pollution.

International efforts to regulate POPs, like the Stockholm Convention, aim to protect human health and the
environment. These initiatives highlight the importance of global cooperation in addressing chemical
threats and developing safer alternatives to harmful substances.

Chemical Properties and Global Distribution of POPs

Properties of persistent organic pollutants

* Persistent Organic Pollutants (POPs) resist environmental degradation remain in ecosystems for
extended periods bioaccumulate through food chains (DDT, PCBs)

» Chemical properties include low water solubility high lipid solubility resist biodegradation semi-volatile
nature enable widespread distribution

» Common structural features incorporate halogenated compounds (chlorine) aromatic rings aliphatic
structures contribute to stability and persistence

Global transport of POPs

+ Long-range transport occurs via atmospheric circulation ocean currents moves POPs globally (Arctic
contamination)

* Global distillation effect involves volatilization in warm regions condensation in colder areas leads to
polar accumulation

» Grasshopper effect describes series of evaporation-deposition cycles gradually shifts POPs towards
polar regions

* Environmental partitioning happens through:
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1. Air-water exchange
2. Soil-air exchange
3. Sediment-water exchange

* Bioaccumulation and biomagnification result in uptake by organisms concentration increase in higher
trophic levels (polar bears, orcas)

Health Risks and Regulatory Efforts

Health risks of POPs exposure

* Human health effects encompass endocrine disruption reproductive disorders developmental
problems immunotoxicity carcinogenicity (breast cancer, thyroid disorders)

+ Environmental impacts include ecosystem disruption biodiversity loss thinning of eggshells in birds
reproductive issues in wildlife (bald eagles, seals)

» Exposure routes primarily involve food consumption (fatty fish) inhalation of contaminated air dermal
absorption

* Biomonitoring measures POPs in human tissues (blood, breast milk) assesses body burden tracks
exposure trends

International regulation of POPs

« Stockholm Convention on Persistent Organic Pollutants adopted in 2001 entered force in 2004 aims to
eliminate or restrict POPs production and use

« Initial list of 12 POPs (Dirty Dozen) included pesticides (aldrin, chlordane) industrial chemicals (PCBs)
byproducts (dioxins)

+ Additions to Stockholm Convention undergo rigorous scientific review expand list of regulated
substances

+ National Implementation Plans (NIPs) developed by countries outline strategies to meet convention
obligations

* Global Monitoring Plan assesses convention effectiveness tracks POPs levels in environment and
humans

« Alternative chemicals and practices focus on safer substitutes (biopesticides) integrated pest
management techniques reduce POPs use

» Implementation challenges include addressing legacy contamination continued production in some
regions long-term monitoring requirements

14.3 Nuclear Accidents and Radioactive Contamination

Nuclear accidents have left lasting impacts on our environment. From Three Mile Island to Chernobyl and
Fukushima, these disasters have released radioactive contamination into ecosystems, affecting soil, water,
and living organisms for decades.

Monitoring and remediation efforts are crucial in managing radioactive contamination. Long-term
challenges include safely storing nuclear waste for thousands of years. As we grapple with these issues,
the future of nuclear energy hangs in the balance.
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Nuclear Accidents and Environmental Impact

Major nuclear accidents and consequences

Three Mile Island accident (1979, USA) involved partial meltdown due to equipment malfunction and
human error led to limited environmental impact but increased public concern about nuclear safety

Chernobyl disaster (1986, USSR) caused by flawed reactor design and operator errors resulted in
explosion and fire in reactor core spread widespread radioactive contamination across Europe causing
long-term ecological and health effects in surrounding areas

Fukushima Daiichi disaster (2011, Japan) triggered by earthquake and tsunami caused loss of power led to
cooling system failure and meltdowns released radioactive contamination into air, soil, and water creating
ongoing challenges in decontamination and waste management

Common causes of nuclear accidents stem from design flaws in reactor systems, human error and
inadequate training, natural disasters overwhelming safety systems, and lack of proper maintenance and
aging infrastructure

Environmental consequences include contamination of soil, water, and air with radionuclides (cesium-137,
strontium-90), disruption of ecosystems and food chains, long-term impacts on biodiversity and genetic
mutations, and creation of exclusion zones around accident sites (Chernobyl Exclusion Zone)

Radioactive contamination processes and impacts

Radioactive contamination mechanisms include direct deposition of radioactive particles, atmospheric
transport and fallout, water-borne dispersion in rivers and oceans, and bioaccumulation in food chains

Key radionuclides of concern include iodine-131 with short half-life affecting thyroid, cesium-137 with long
half-life causing widespread contamination, strontium-90 seeking bones causing long-term health effects,
and plutonium isotopes with extremely long lives and high toxicity

Ecosystem impacts manifest as reduced biodiversity in highly contaminated areas, genetic mutations and
reproductive issues in wildlife (red forest near Chernobyl), altered soil microbial communities, and
disruption of nutrient cycles and ecosystem services

Human health effects range from acute radiation syndrome from high-dose exposure, increased cancer
risk particularly thyroid cancer, potential genetic effects and birth defects, to psychological stress and
social disruption in affected communities
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Exposure pathways occur through external exposure from contaminated environments, inhalation of
radioactive particles, and ingestion of contaminated food and water

Monitoring, Remediation, and Long-term Management

Monitoring vs remediating contamination

Monitoring methods employ aerial surveys using gamma spectroscopy, ground-based radiation detectors
and dosimeters, environmental sampling (soil, water, vegetation), and biomonitoring using indicator
species (lichens, mosses)

Remediation techniques include: 1. Soil removal and replacement effectively removes contamination but
proves costly and generates large volumes of waste 2. Phytoremediation uses plants (sunflowers,
mustard) to extract radionuclides from soil offering slower but more environmentally friendly approach 3.
Chemical treatment applies substances to immobilize or extract radionuclides from contaminated areas 4.
Vitrification involves high-temperature treatment to immobilize contaminants in glass matrix

In-situ remediation treats contamination in place while ex-situ remediation removes contaminated material
for treatment elsewhere

Factors influencing remediation choice consider type and concentration of radionuclides, environmental
conditions and accessibility, available resources and technology, and regulatory requirements and public
acceptance

Long-term challenges of radioactive waste

Types of radioactive waste categorized as low-level waste (LLW), intermediate-level waste (ILW),
high-level waste (HLW), and spent nuclear fuel require different management approaches

Waste management strategies involve interim storage in cooling pools or dry casks, geological disposal in
deep underground repositories (Onkalo in Finland), and transmutation to reduce long-lived radionuclides

Long-term challenges include ensuring containment integrity over millennia, predicting and mitigating
geological changes, maintaining institutional knowledge and warning systems, and preventing
unauthorized access or sabotage

Societal implications encompass intergenerational equity and ethical considerations, public perception and
acceptance of nuclear technology, economic costs of long-term waste management, and impact on energy
policy and nuclear power development

Fiveable archived study guides Page 113



International cooperation fosters shared responsibility for global nuclear safety, knowledge exchange and
best practices, and non-proliferation efforts and security concerns

Future considerations explore development of advanced reactor designs with reduced waste, potential for
nuclear fusion as a cleaner alternative, and balancing energy needs with environmental and safety
concerns

14.4 Urban Environmental Chemistry and Smart City Solutions

Cities face unique environmental challenges like air and water pollution, waste management, and
biodiversity loss. Urban environmental chemistry plays a crucial role in monitoring, analyzing, and
addressing these issues through advanced techniques and innovative approaches.

Smart city solutions leverage technology to enhance sustainability. loT sensors, big data analytics, and
green infrastructure are transforming urban environments. Environmental chemistry informs urban
planning, promoting circular economy approaches and nature-based solutions for a more sustainable
future.

Urban Environmental Challenges and Smart Solutions

Environmental challenges in urban areas

« Air pollution compromises urban air quality through particulate matter (PM2.5, PM10), ground-level
ozone, nitrogen oxides (NOXx), sulfur dioxide (SO2), and carbon monoxide (CO)

» Water pollution degrades urban water bodies via industrial effluents, sewage, wastewater, stormwater
runoff, and microplastics (synthetic fibers, microbeads)

* Solid waste management strains urban infrastructure causing landfill capacity issues and improper
disposal of hazardous materials (batteries, electronics)

* Urban heat island effect increases energy consumption for cooling and exacerbates heat-related
health issues (heat stroke, dehydration)

* Noise pollution from traffic and construction disrupts urban quality of life and impacts health (stress,
hearing loss)

+ Loss of biodiversity occurs through habitat fragmentation and proliferation of invasive species (kudzu,
zebra mussels)

Role of urban environmental chemistry

« Air quality monitoring and analysis examines chemical composition of pollutants and conducts source
apportionment studies to identify pollution origins

» Water quality assessment employs analytical techniques for contaminant detection and studies
biogeochemical cycling in urban water bodies

* Soil contamination analysis focuses on heavy metal detection, remediation, and organic pollutant
degradation studies

» Atmospheric chemistry investigates photochemical reactions leading to smog formation and acid rain
formation and impacts
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» Environmental fate and transport of pollutants explores partitioning between air, water, and soil and
bioaccumulation in urban ecosystems (fish, plants)

» Green chemistry applications develop eco-friendly materials and sustainable industrial processes to
reduce environmental impact

Smart city solutions for sustainability

* Internet of Things (loT) enables environmental monitoring through real-time air and water quality
sensors and smart waste management systems

* Big data analytics enhances urban environmental management via predictive modeling of pollution
trends and optimization of resource allocation

* Green infrastructure technologies incorporate permeable pavements for stormwater management and
green roofs and walls for urban cooling

« Smart transportation systems integrate electric vehicle charging infrastructure and intelligent traffic
management to reduce emissions

 Energy-efficient buildings utilize smart metering, demand response systems, and building automation
for optimal resource use

* Renewable energy integration promotes solar panels on urban structures and district heating and
cooling systems

Environmental chemistry in urban planning

« Circular economy approaches foster industrial symbiosis in urban areas and implement
waste-to-resource conversion technologies

» Nature-based solutions utilize constructed wetlands for water treatment and urban forests for air
purification

» Green chemistry in construction promotes low-emission building materials and self-cleaning surfaces
to reduce maintenance chemicals

« Sustainable urban drainage systems (SUDS) incorporate bioswales, rain gardens, and detention
basins with pollutant removal capabilities

* Urban agriculture integration develops rooftop gardens with optimized soil chemistry and vertical
farming with controlled nutrient delivery

+ Climate-responsive urban design implements wind corridor planning for pollutant dispersion and
albedo management to mitigate urban heat island effect
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Unit 15 — Future Directions in
Environmental Chemistry

15.1 Advanced Materials for Environmental Remediation and Pollution
Prevention

Nanomaterials and advanced materials are revolutionizing environmental applications. These tiny
particles, with dimensions between 1-100 nm, boast unique properties that make them highly effective for
cleaning up pollution and preventing further contamination.

From metal nanoparticles that break down pollutants to smart materials that respond to environmental
changes, these innovations are transforming how we tackle environmental challenges. However, potential
risks and scaling issues must be carefully considered as we harness their power for a cleaner future.

Nanomaterials and Advanced Materials for Environmental Applications

Nanomaterials for environmental remediation

* Nanomaterials possess at least one dimension between 1-100 nm exhibiting unique properties due to
high surface area-to-volume ratio enhancing reactivity and efficiency

» Metal nanoparticles like zero-valent iron effectively reduce contaminants in soil and groundwater
(trichloroethylene)

» Carbon-based nanomaterials such as carbon nanotubes and graphene excel at adsorbing organic
pollutants and heavy metals (benzene, lead)

* Metal oxide nanoparticles including titanium dioxide and iron oxide photocatalytically degrade organic
pollutants and remove heavy metals (methylene blue, arsenic)

* Applications span groundwater treatment, soil decontamination, and air purification improving
remediation effectiveness

* Mechanisms of action include: 1. Adsorption of contaminants onto nanoparticle surfaces 2. Catalytic
degradation of pollutants into less harmful compounds 3. Reduction-oxidation reactions transforming
contaminants' chemical state

Advanced materials in pollution prevention

» Nanocomposites combine nanomaterials with bulk materials enhancing strength and functionality
(clay-polymer nanocomposites)

» Smart materials respond to environmental stimuli for targeted pollutant removal
(temperature-responsive hydrogels)

 Biomimetic materials mimic natural structures for efficient pollution control (lotus leaf-inspired
self-cleaning surfaces)

* Improved filtration systems utilize advanced materials for enhanced pollutant removal (nanofiber
membranes)
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* Enhanced catalytic converters employ nanomaterials to reduce vehicle emissions more effectively
(platinum nanoparticles)

« Self-cleaning surfaces prevent pollutant accumulation and reduce cleaning chemical use
(photocatalytic coatings)

« Efficiency improvements result from increased surface area for reactions, selective targeting of
pollutants, and reduced energy consumption in treatment processes

* Integration with existing technologies creates hybrid treatment systems and
nanotechnology-enhanced conventional methods improving overall performance

Environmental risks of advanced materials

» Nanoparticle toxicity potentially harms organisms due to small size and unique properties (silver
nanoparticles)

* Bioaccumulation in organisms may lead to food chain impacts and ecosystem disruption (titanium
dioxide in aquatic environments)

* Environmental persistence raises concerns about long-term effects and accumulation in various
media (carbon nanotubes)

» Exposure routes include inhalation of airborne nanoparticles, dermal contact with
nanoparticle-containing products, and ingestion of contaminated food or water

* Risk assessment challenges stem from limited long-term studies and difficulty in detecting and
measuring nanomaterials in complex environmental matrices

« Current guidelines and regulations often lack nano-specific considerations necessitating development
of tailored risk assessment frameworks

Scaling challenges for environmental materials

+ High production costs and substantial initial investment in research and development hinder
widespread adoption

» Market uncertainties for new technologies create barriers to commercialization and large-scale
implementation

» Maintaining nanomaterial properties at larger scales presents challenges in preserving desired
functionalities

* Developing standardized production methods ensures consistency and reproducibility across different
batches and scales

« Batch vs. continuous production methods affect scalability and cost-effectiveness of nanomaterial
manufacturing

» Automation and process control improve efficiency and quality in large-scale production

* Integration with existing infrastructure requires careful planning and potential modifications to current
systems

+ Training and education for proper handling and use ensure safe and effective deployment of
advanced materials
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* Life cycle assessment evaluates environmental impacts from production to disposal guiding
sustainable development

* Energy requirements for production and use must be considered in overall environmental benefit
calculations

» End-of-life management and recycling potential address long-term sustainability concerns for
advanced materials

15.2 Environmental Sensors and Real-Time Monitoring Technologies

Environmental sensors are crucial tools for monitoring and protecting our planet. These devices measure
various aspects of air, water, and soil quality, providing real-time data on pollutants and environmental
changes. From electrochemical sensors to remote sensing technologies, they offer diverse ways to track
environmental health.

Integrating sensors with networks and computing systems enhances their effectiveness. Wireless networks
and cloud platforms enable real-time data transmission and analysis, while 0T and edge computing
improve response times. These technologies support warning systems for floods, air pollution, and other
environmental hazards, helping safeguard communities and ecosystems.

Environmental Sensor Technologies

Principles of environmental sensors

Electrochemical sensors measure chemical species through electrical signals generated by
oxidation-reduction reactions (pH meters, dissolved oxygen sensors)

Optical sensors use light interactions to detect pollutants by analyzing absorption, reflection, or
fluorescence (turbidity meters, spectrophotometers)

Biosensors utilize biological components like enzymes or microorganisms for detection of specific analytes
(microbial fuel cells for water quality monitoring)

Particulate matter sensors detect airborne particles of various sizes using light scattering or beta
attenuation techniques (PM2.5, PM10 monitors)

Gas sensors detect specific gases in the atmosphere through chemical reactions or physical adsorption
(CO2 analyzers, NOx detectors)

Remote sensing technologies use satellite-based instruments to monitor large-scale environmental
changes (LIDAR, multispectral imaging)
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Acoustic sensors measure sound waves to detect environmental changes or biological activity
(hydrophones, bioacoustic monitors)

Sensor technologies for quality monitoring
* Air quality monitoring
» Advantages:
* Real-time data collection enables immediate response to pollution events
» Wide spatial coverage with networked sensors improves urban air quality management

* Detection of multiple pollutants simultaneously enhances comprehensive assessment (O3, NO2,
S02)

Limitations:
« Sensitivity to environmental conditions affects accuracy (temperature, humidity)
+ Calibration requirements for accuracy demand regular maintenance
» Power consumption in remote locations limits long-term deployment
Water quality monitoring
» Advantages:
» Continuous monitoring of critical parameters enables early detection of contamination events
« Early detection of contaminants prevents widespread environmental damage

* Ability to measure multiple parameters improves overall water quality assessment (pH, dissolved
oxygen, conductivity)

Limitations:
+ Biofouling of sensors in aquatic environments reduces long-term reliability
* Challenges in measuring certain complex pollutants (emerging contaminants)
* Maintenance requirements for submerged sensors increase operational costs
Soil quality monitoring
» Advantages:
* In-situ measurements without disturbing soil structure preserve natural conditions
* Long-term monitoring of soil health indicators supports sustainable land management
* Integration with precision agriculture techniques optimizes resource use (fertilizer application)

« Limitations:
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» Heterogeneity of soil composition affecting sensor accuracy requires multiple sampling points
« Limited depth of sensor penetration restricts deep soil analysis

* Interference from soil moisture and temperature variations necessitates data correction

Integration with networks and computing

Wireless sensor networks enable real-time data transmission from remote locations using mesh network
topologies

Internet of Things platforms connect sensors to cloud-based data management systems facilitating remote
sensor configuration

Cloud computing services provide scalable storage and processing capabilities enabling big data analytics
(AWS, Google Cloud)

Data visualization tools transform raw sensor data into actionable insights through interactive dashboards
(Tableau, Power Bl)

Edge computing processes data locally to reduce bandwidth requirements and enable faster response
times

APl integration allows seamless data sharing between different systems fostering interoperability

Data quality control algorithms automatically detect and flag anomalous sensor readings ensuring
long-term data reliability

Applications in warning systems

Flood prediction and management uses water level sensors and weather data for timely evacuation and
resource allocation

Air pollution alerts monitor air quality index in real-time to issue public health warnings during severe
events (smog, wildfires)

Wildfire detection and tracking utilizes smoke detectors and thermal imaging sensors to assist firefighting
efforts
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Earthquake early warning systems employ seismic sensors to detect initial P-waves providing seconds to
minutes of warning

Chemical spill detection uses specialized sensors to detect hazardous materials facilitating rapid
containment efforts

Algal bloom monitoring employs water quality sensors to detect conditions favorable for blooms protecting
aquatic ecosystems

Landslide risk assessment integrates soil moisture sensors with geological data to identify high-risk areas
for mitigation

15.3 Green Chemistry and Sustainable Industrial Processes

Green chemistry revolutionizes the chemical industry, promoting sustainability and safety. Its 12 principles
guide the design of eco-friendly processes and products, minimizing waste, reducing toxicity, and
maximizing efficiency. This approach aligns with sustainable development goals, integrating ecological
principles into industrial processes.

Green chemistry offers numerous benefits for the environment, economy, and specific industries. It
reduces pollution, conserves resources, and protects biodiversity. Economically, it cuts costs, enhances
competitiveness, and improves brand reputation. Industry-specific advantages include safer working
conditions and reduced environmental impact across various sectors.

Principles and Benefits of Green Chemistry

Principles of green chemistry

* 12 Principles of Green Chemistry guide sustainable practices in chemical processes and product
design:

* Prevention of waste minimizes byproducts and reduces environmental impact

* Atom economy maximizes incorporation of reactants into final product

* Less hazardous chemical syntheses use safer reagents and reaction conditions

* Designing safer chemicals reduces toxicity and environmental persistence

« Safer solvents and auxiliaries minimize use of harmful substances (dichloromethane)
+ Design for energy efficiency reduces energy consumption and costs

* Use of renewable feedstocks promotes sustainability (plant-based materials)

» Reduce derivatives streamlines synthesis and minimizes waste

« Catalysis enhances reaction efficiency and selectivity

* Design for degradation ensures products break down safely after use

+ Real-time analysis for pollution prevention monitors and controls emissions

Fiveable archived study guides Page 121



* Inherently safer chemistry for accident prevention reduces risks to workers and environment
» Goals of green chemistry align with sustainable development:

* Minimize environmental impact through cleaner production methods

* Reduce resource consumption by improving efficiency and using renewables

* Enhance process efficiency to lower costs and increase productivity

* Improve product safety for consumers and the environment

« Sustainable industrial processes integrate ecological principles:

« Circular economy approach maximizes resource utilization and minimizes waste

* Life cycle assessment evaluates environmental impacts from cradle to grave

* Industrial ecology optimizes material and energy flows between industries

* Cradle-to-cradle design creates products with full lifecycle consideration

Benefits of green practices

» Environmental benefits contribute to ecosystem health:

* Reduced waste generation decreases landfill use and pollution

» Lower greenhouse gas emissions mitigate climate change impacts

* Decreased water and air pollution improves environmental quality

« Conservation of natural resources preserves biodiversity and habitats

* Biodiversity protection maintains ecosystem services and stability

» Economic benefits enhance business competitiveness:

+ Cost savings from improved efficiency increase profit margins

* Reduced waste disposal expenses lower operational costs

* Lower regulatory compliance costs minimize legal and financial risks

* Increased market competitiveness attracts environmentally conscious consumers
* Enhanced brand reputation improves customer loyalty and market share

* Industry-specific benefits address unique challenges:

» Chemical manufacturing: Safer working conditions reduce accidents and liability
* Pharmaceuticals: Reduced solvent use lowers costs and environmental impact
« Agriculture: Decreased pesticide runoff protects water quality and aquatic life

* Electronics: Improved recyclability of components reduces e-waste

* Textiles: Reduction in toxic dyes and treatments enhances worker and consumer safety
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Applications and Challenges

Case studies in green chemistry

* Pfizer's synthesis of sertraline (antidepressant) demonstrates process optimization:
« Streamlined process from 3 steps to 1 increased efficiency

* Reduced solvent use by 60% lowered environmental impact and costs

* Increased overall yield improved resource utilization

» Sherwin-Williams' water-based acrylic alkyd paints showcase safer alternatives:
+ Eliminated use of organic solvents reduced air pollution

» Reduced volatile organic compound (VOC) emissions improved indoor air quality
* Improved air quality and worker safety enhanced occupational health

* BASF's biomass balance approach illustrates renewable resource integration:

+ Replaced fossil resources with renewable raw materials (plant-based)

» Reduced carbon footprint of various products mitigated climate impact

» Maintained product quality and performance ensured customer satisfaction

* Merck's levofloxacin (antibiotic) synthesis exemplifies waste reduction:

« Eliminated use of dichloromethane reduced toxic solvent exposure

» Reduced waste by 75% minimized environmental impact

* Improved process efficiency and yield optimized resource use

Adoption of sustainable practices

* Challenges hinder widespread implementation:

« Initial investment costs deter small and medium enterprises

* Resistance to change in established processes slows adoption

* Lack of awareness and education limits understanding of benefits

* Regulatory hurdles create barriers to innovation

* Limited availability of green alternatives restricts options

* Opportunities drive innovation and growth:

» Government incentives and policies encourage sustainable practices
» Consumer demand for sustainable products creates market pull

« Potential for innovation and patents generates competitive advantage
* Collaboration between industry and academia accelerates research

* Development of new markets and revenue streams expands business opportunities

Fiveable archived study guides Page 123



« Strategies for promotion foster widespread adoption:

 Education and training programs build capacity and expertise

* Industry-wide sustainability standards ensure consistent practices
» Green chemistry awards and recognition incentivize innovation

* Public-private partnerships leverage resources and expertise

* Integration of green chemistry principles in academic curricula prepares future workforce

15.4 Interdisciplinary Approaches to Solving Complex Environmental
Issues

Environmental problems are complex, requiring collaboration across disciplines. Interdisciplinary
approaches combine expertise from fields like ecology, public health, and economics to tackle issues like
climate change and urban planning. This holistic strategy leads to innovative solutions and comprehensive
understanding.

Environmental chemistry plays a crucial role in shaping policy. It provides scientific data on pollutants,
assesses risks, and monitors regulations. Chemists also translate complex concepts for the public, helping
raise awareness about environmental issues and potential solutions.

Interdisciplinary Approaches to Environmental Problem-Solving

Importance of interdisciplinary collaboration

» Complexity of environmental problems stems from interconnected natural systems and multiple
stakeholders with diverse perspectives

* Benefits of interdisciplinary collaboration include comprehensive understanding of issues, diverse
expertise, and innovative solutions through cross-pollination of ideas

« Successful interdisciplinary environmental projects tackle climate change mitigation strategies and
sustainable urban planning initiatives (green infrastructure, emissions reduction)

* Challenges in interdisciplinary collaboration arise from communication barriers between disciplines
and integrating different methodologies

Environmental chemistry in policy

» Environmental chemistry contributes to policy-making through scientific data on pollutants and their
impacts, risk assessment strategies, and monitoring of environmental regulations

+ Public awareness enhanced by translating complex chemical concepts for general audiences and
communicating environmental risks and mitigation measures

» Chemistry-informed environmental policies include Montreal Protocol on ozone-depleting substances
and regulation of persistent organic pollutants (DDT, PCBs)

* Challenges in translating scientific findings to policy stem from uncertainty in data and balancing
economic interests with environmental protection

Fiveable archived study guides Page 124



Interdisciplinary Approaches and Skills

Disciplines in environmental problem-solving

* Ecology assesses ecosystem dynamics, biodiversity, and environmental impacts on species and
habitats (coral reef degradation, deforestation)

* Public health evaluates health risks from environmental exposures and develops interventions to
mitigate hazards (air pollution, water contamination)

* Social sciences analyze human behavior and cultural factors in environmental issues and assess
socioeconomic impacts of policies

» Economics conducts cost-benefit analysis of environmental regulations and develops market-based
solutions (carbon pricing, cap-and-trade systems)

* Engineering designs technological solutions for pollution control and develops sustainable
infrastructure and energy systems (renewable energy, waste treatment)

Skills for interdisciplinary research

« Communication skills involve adapting language for diverse audiences, visually presenting scientific
data, and practicing active listening

» Teamwork strategies include establishing common goals, defining roles, and employing conflict
resolution techniques

* Collaborative research methods integrate diverse data sources and methodologies and develop
shared conceptual frameworks

* Project management tools for interdisciplinary teams utilize Gantt charts and collaborative software
platforms (Trello, Asana)

* Ethical considerations in interdisciplinary research respect diverse perspectives and address potential
conflicts of interest
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