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CHAPTER OVERVIEW

1: Introduction to Analytical Chemistry

Chemistry is the study of matter, including its composition and structure, its physical properties, and its reactivity. There are many
ways to study chemistry, but, we traditionally divide it into five fields: organic chemistry, inorganic chemistry, biochemistry,
physical chemistry, and analytical chemistry. Although this division is historical and, perhaps, arbitrary—as witnessed by current
interest in interdisciplinary areas such as bioanalytical chemistry and organometallic chemistry—these five fields remain the
simplest division spanning the discipline of chemistry.

Topic hierarchy

1.1: What is Analytical Chemistry?

1.2: The Analytical Perspective

1.3: Common Analytical Problems

1.4: Introduction to Analytical Chemistry (Exercises)

1.5: Introduction to Analytical Chemistry (Summary)

Thumbnail: Several graduated cylinders of various thickness and heights with white side markings in front of a large beaker. They
are all filled about halfway with red or blue chemical compounds. The blue ink is showing signs of Brownian motion when
dissolving into water. Image used with permission (CC BY-SA 3.0; Horia Varlan from Bucharest, Romania).

Contributors

e David Harvey (DePauw University)

This page titled 1: Introduction to Analytical Chemistry is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated
by David Harvey.
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2: Basic Tools of Analytical Chemistry

In the chapters that follow we will explore many aspects of analytical chemistry. In the process we will consider important
questions such as “How do we treat experimental data?”, “How do we ensure that our results are accurate?”, “How do we obtain a
representative sample?”, and “How do we select an appropriate analytical technique?” Before we look more closely at these and
other questions, we will first review some basic tools of importance to analytical chemists.

2.1: Measurements in Analytical Chemistry

2.2: Concentration

2.3: Stoichiometric Calculations

2.4: Basic Equipment

2.5: Preparing Solutions

2.6: Spreadsheets and Computational Software

2.7: The Laboratory Notebook

2.8: Basic Tools of Analytical Chemistry (Exercises)

2.9: Basic Tools of Analytical Chemistry (Summary)

Thumbnail: A Roberval balance. The pivots of the parallelogram understructure makes it insensitive to load positioning away from
center, so improves its accuracy, and ease of use. Image used with permission (CC BY-SA 3.0; Nikodem Nijaki)
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3: The Vocabulary of Analytical Chemistry

If you leaf through an issue of the journal Analytical Chemistry, you will soon discover that the authors and readers share a
common vocabulary of analytical terms. You are probably familiar with some of these terms, such as accuracy and precision, but
other terms, such as analyte and matrix may be less familiar to you. In order to participate in the community of analytical chemists,
you must first understand its vocabulary. The goal of this chapter, therefore, is to introduce you to some important analytical terms.
Becoming comfortable with these terms will make the material in the chapters that follow easier to read and understand.

3.1: Analysis, Determination, and Measurement

3.2: Techniques, Methods, Procedures, and Protocols
3.3: Classifying Analytical Techniques

3.4: Selecting an Analytical Method

3.5: Developing the Procedure

3.6: Protocols

3.7: The Importance of Analytical Methodology

3.8: The Vocabulary of Analytical Chemistry (Exercises)
3.9: The Vocabulary of Analytical Chemistry (Summary)

Thumbnail: Colonies of fecal coliform bacteria from a water supply. Source: Susan Boyer. Photo courtesy of ARS-USDA
(www.ars.usda.gov). Fecal coliform counts provide a general measure of the presence of pathogenic organisms in a water supply.
For drinking water, the current maximum contaminant level (MCL) for total coliforms, including fecal coliforms is less than 1
colony/100 mL. Municipal water departments must regularly test the water supply and must take action if more than 5% of the
samples in any month test positive for coliform bacteria.
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4: Evaluating Analytical Data

When using an analytical method we make three separate evaluations of experimental error. First, before beginning an analysis we
evaluate potential sources of errors to ensure that they will not adversely effect our results. Second, during the analysis we monitor
our measurements to ensure that errors remain acceptable. Finally, at the end of the analysis we evaluate the quality of the
measurements and results, comparing them to our original design criteria. This chapter provides an introduction to sources of error,
to evaluating errors in analytical measurements, and to the statistical analysis of data.

4.1: Characterizing Measurements and Results

4.2: Characterizing Experimental Errors

4.3: Propagation of Uncertainty

4.4: The Distribution of Measurements and Results
4.5: Statistical Analysis of Data

4.6: Statistical Methods for Normal Distributions
4.7: Detection Limits

4.8: Using Excel and R to Analyze Data

4.9: Evaluating Analytical Data (Exercises)

4.10: Evaluating Analytical Data (Summary)

Thumbnail: The blue vertical line segments represent multiple realizations of a confidence interval for the population mean p,
represented as a red horizontal dashed line; note that some confidence intervals do not contain the population mean, as expected.
Image used with permission (Public Domain; Tsyplakov) .

Contributors

e David Harvey (DePauw University)

This page titled 4: Evaluating Analytical Data is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by David
Harvey.



https://libretexts.org/
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.01%3A_Characterizing_Measurements_and_Results
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.02%3A_Characterizing_Experimental_Errors
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.03%3A_Propagation_of_Uncertainty
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.04%3A_The_Distribution_of_Measurements_and_Results
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.05%3A_Statistical_Analysis_of_Data
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.06%3A_Statistical_Methods_for_Normal_Distributions
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.07%3A_Detection_Limits
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.08%3A_Using_Excel_and_R_to_Analyze_Data
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.09%3A_Evaluating_Analytical_Data_(Exercises)
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.10%3A_Evaluating_Analytical_Data_(Summary)
http://dpuadweb.depauw.edu/harvey_web/Index.html
http://www.depauw.edu/
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

Li breTexts*

4.1: Characterizing Measurements and Results

4.1: Characterizing Measurements and Results

This page titled 4.1: Characterizing Measurements and Results is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or

curated by David Harvey.

https://chem.libretexts.org/@go/page/167752


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/167752?pdf
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.01%3A_Characterizing_Measurements_and_Results
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04_Evaluating_Analytical_Data/4.1%3A_Characterizing_Measurements_and_Results
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.01%3A_Characterizing_Measurements_and_Results
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

Li breTexts*

4.2: Characterizing Experimental Errors

4.2: Characterizing Experimental Errors

This page titled 4.2: Characterizing Experimental Errors is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated

by David Harvey.

https://chem.libretexts.org/@go/page/167753



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/167753?pdf
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.02%3A_Characterizing_Experimental_Errors
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04_Evaluating_Analytical_Data/4.2%3A_Characterizing_Experimental_Errors
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.02%3A_Characterizing_Experimental_Errors
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

Li breTexts*

4.3: Propagation of Uncertainty
4.3: Propagation of Uncertainty

This page titled 4.3: Propagation of Uncertainty is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by David

Harvey.

https://chem.libretexts.org/@go/page/167754


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/167754?pdf
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.03%3A_Propagation_of_Uncertainty
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04_Evaluating_Analytical_Data/4.3%3A_Propagation_of_Uncertainty
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.03%3A_Propagation_of_Uncertainty
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

Li breTexts*

4.4: The Distribution of Measurements and Results

4.4: The Distribution of Measurements and Results

This page titled 4.4: The Distribution of Measurements and Results is shared under a CC BY-NC-SA 4.0 license and was authored, remixed,

and/or curated by David Harvey.

https://chem.libretexts.org/@go/page/167755


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/167755?pdf
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.04%3A_The_Distribution_of_Measurements_and_Results
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04_Evaluating_Analytical_Data/4.4%3A_The_Distribution_of_Measurements_and_Results
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.04%3A_The_Distribution_of_Measurements_and_Results
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

Li breTexts*

4.5: Statistical Analysis of Data

4.5: Statistical Analysis of Data

This page titled 4.5: Statistical Analysis of Data is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by David

Harvey.

https://chem.libretexts.org/@go/page/167756


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/167756?pdf
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.05%3A_Statistical_Analysis_of_Data
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04_Evaluating_Analytical_Data/4.5%3A_Statistical_Analysis_of_Data
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.05%3A_Statistical_Analysis_of_Data
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

Li breTexts*

4.6: Statistical Methods for Normal Distributions
4.6: Statistical Methods for Normal Distributions

This page titled 4.6: Statistical Methods for Normal Distributions is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or
curated by David Harvey.

https://chem.libretexts.org/@go/page/167757


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/167757?pdf
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.06%3A_Statistical_Methods_for_Normal_Distributions
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04_Evaluating_Analytical_Data/4.6%3A_Statistical_Methods_for_Normal_Distributions
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.06%3A_Statistical_Methods_for_Normal_Distributions
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

Li breTexts*

4.7: Detection Limits
4.7: Detection Limits

This page titled 4.7: Detection Limits is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by David Harvey.

https://chem.libretexts.org/@go/page/167758


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/167758?pdf
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.07%3A_Detection_Limits
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04_Evaluating_Analytical_Data/4.7%3A_Detection_Limits
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.07%3A_Detection_Limits
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

Li breTexts*

4.8: Using Excel and R to Analyze Data
4.8: Using Excel and R to Analyze Data

This page titled 4.8: Using Excel and R to Analyze Data is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated

by David Harvey.

https://chem.libretexts.org/@go/page/167759



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/167759?pdf
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.08%3A_Using_Excel_and_R_to_Analyze_Data
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04_Evaluating_Analytical_Data/4.8%3A_Using_Excel_and_R_to_Analyze_Data
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.08%3A_Using_Excel_and_R_to_Analyze_Data
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

Li breTexts*

4.9: Evaluating Analytical Data (Exercises)
4.E: Evaluating Analytical Data (Exercises)

This page titled 4.9: Evaluating Analytical Data (Exercises) is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or

curated by David Harvey.

https://chem.libretexts.org/@go/page/167760


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/167760?pdf
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.09%3A_Evaluating_Analytical_Data_(Exercises)
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04_Evaluating_Analytical_Data/4.E%3A_Evaluating_Analytical_Data_(Exercises)
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.09%3A_Evaluating_Analytical_Data_(Exercises)
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

Li breTexts*

4.10: Evaluating Analytical Data (Summary)
4.S: Evaluating Analytical Data (Summary)

This page titled 4.10: Evaluating Analytical Data (Summary) is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or
curated by David Harvey.

https://chem.libretexts.org/@go/page/167761



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/167761?pdf
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.10%3A_Evaluating_Analytical_Data_(Summary)
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04_Evaluating_Analytical_Data/4.S%3A_Evaluating_Analytical_Data_(Summary)
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/4%3A_Evaluating_Analytical_Data/4.10%3A_Evaluating_Analytical_Data_(Summary)
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

LibreTexts*
CHAPTER OVERVIEW

5: Standardizing Analytical Methods

The American Chemical Society’s Committee on Environmental Improvement defines standardization as the process of
determining the relationship between the signal and the amount of analyte in a sample.! In Chapter 3 we defined this relationship as

Stotal = kAT A + Sreag 0T Siotal = kACA + Sreag (5.1)

where Sy is the signal, ny is the moles of analyte, C, is the analyte’s concentration, k, is the method’s sensitivity for the analyte,
and S, is the contribution to Sy from sources other than the sample. To standardize a method we must determine values for k4
and Sy,,. Strategies for accomplishing this are the subject of this chapter.

5.1: Analytical Standards

5.2: Calibrating the Signal

5.3: Determining the Sensitivity

5.4: Linear Regression and Calibration Curves
5.5: Blank Corrections

5.6: Using Excel and R for a Regression Analysis
5.7: Standardizing Analytical Methods (Exercises)
5.8: Standardizing Analytical Methods (Summary)

Thumbnail: Illustration showing the evaluation of a linear regression in which we assume that all uncertainty is the result of
indeterminate errors daffecting y. The points in blue, y;, are the original data and the points in red, y;, are the predicted values from
the regression equation, y = by + b;x. The smaller the total residual error (equation 5.16), the better the fit of the straight-line to
the data
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CHAPTER OVERVIEW

6: Equilibrium Chemistry
Regardless of the problem on which an analytical chemist is working, its solution requires a knowledge of chemistry and the ability
to apply that knowledge. For example, an analytical chemist studying the effect of pollution on spruce trees needs to know, or know
where to find, the chemical differences between p-hydroxybenzoic acid and p-hydroxyacetophenone, two common phenols found
in the needles of spruce trees. Your ability to “think as a chemist” is a product of your experience in the classroom and in the
laboratory. The material in this text assumes your familiarity with topics from earlier courses. Because of its importance to
analytical chemistry, this chapter provides a review of equilibrium chemistry. Much of the material in this chapter should be
familiar to you, although some topics—Iladder diagrams and activity, for example—afford you with new ways to look at
equilibrium chemistry.

6.1: Reversible Reactions and Chemical Equilibria

6.2: Thermodynamics and Equilibrium Chemistry

6.3: Manipulating Equilibrium Constants

6.4: Equilibrium Constants for Chemical Reactions

6.5: Le Chatelier’s Principle

6.6: Ladder Diagrams

6.7: Solving Equilibrium Problems

6.8: Buffer Solutions

6.9: Activity Effects

6.10: Using Excel and R to Solve Equilibrium Problems

6.11: Some Final Thoughts on Equilibrium Calculations

6.12: Equilibrium Chemistry (Exercises)

6.13: Equilibrium Chemistry (Summary)

Thumbnail: The N,O) = 2NOyy) system at Different Temperatures. Nitrogen dioxide (NOj) gas converts to the colorless gas
dinitrogen tetroxide (N,Oy) at low temperatures, and converts back to NOs at higher temperatures. The bottles in this photograph
contain equal amounts of gas at different temperatures. Figure used with permission from Wikipedia (CC BY-SA 3.0).
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7: Gravimetric Methods

Gravimetry includes all analytical methods in which the analytical signal is a measurement of mass or a change in mass. When you
step on a scale after exercising you are making, in a sense, a gravimetric determination of your mass. Mass is the most fundamental
of all analytical measurements, and gravimetry is unquestionably our oldest quantitative analytical technique. The publication in
1540 of Vannoccio Biringuccio’s Pirotechnia is an early example of applying gravimetry—although not yet known by this name—
to the analysis of metals and ores.! Although gravimetry no longer is the most important analytical method, it continues to find use
in specialized applications.

7.1: Overview of Gravimetric Methods
7.2: Precipitation Gravimetry

7.3: Volatilization Gravimetry

7.4: Particulate Gravimetry

7.5: Gravimetric Methods (Exercises)

7.6: Gravimetric Methods (Summary)

Thumbnails: An analytical balance (Mettler ae-260) that is often used in gravimetric analysis Methods. Image used with
permission (Public Domain; US DEA).

Contributors
e David Harvey (DePauw University)

This page titled 7: Gravimetric Methods is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by David Harvey.



https://libretexts.org/
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.1%3A_Overview_of_Gravimetric_Methods
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.2%3A_Precipitation_Gravimetry
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.3%3A_Volatilization_Gravimetry
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.4%3A_Particulate_Gravimetry
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.5%3A_Gravimetric_Methods_(Exercises)
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.6%3A_Gravimetric_Methods_(Summary)
http://dpuadweb.depauw.edu/harvey_web/Index.html
http://www.depauw.edu/
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

Li breTexts*

7.1: Overview of Gravimetric Methods

8.1: Overview of Gravimetric Methods

This page titled 7.1: Overview of Gravimetric Methods is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by

David Harvey.

https://chem.libretexts.org/@go/page/167786



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/167786?pdf
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.1%3A_Overview_of_Gravimetric_Methods
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/08%3A_Gravimetric_Methods/8.1%3A_Overview_of_Gravimetric_Methods
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.1%3A_Overview_of_Gravimetric_Methods
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

Li breTexts*

7.2: Precipitation Gravimetry

8.2: Precipitation Gravimetry

This page titled 7.2: Precipitation Gravimetry is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by David

Harvey.

https://chem.libretexts.org/@go/page/167787



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/167787?pdf
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.2%3A_Precipitation_Gravimetry
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/08%3A_Gravimetric_Methods/8.2%3A_Precipitation_Gravimetry
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.2%3A_Precipitation_Gravimetry
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

Li breTexts*

7.3: Volatilization Gravimetry

8.3: Volatilization Gravimetry

This page titled 7.3: Volatilization Gravimetry is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by David

Harvey.

https://chem.libretexts.org/@go/page/167788



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/167788?pdf
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.3%3A_Volatilization_Gravimetry
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/08%3A_Gravimetric_Methods/8.3%3A_Volatilization_Gravimetry
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.3%3A_Volatilization_Gravimetry
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

Li breTexts*

7.4: Particulate Gravimetry

8.4: Particulate Gravimetry

This page titled 7.4: Particulate Gravimetry is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by David

Harvey.

https://chem.libretexts.org/@go/page/167789



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/167789?pdf
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.4%3A_Particulate_Gravimetry
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/08%3A_Gravimetric_Methods/8.4%3A_Particulate_Gravimetry
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.4%3A_Particulate_Gravimetry
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

Li breTexts*

7.5: Gravimetric Methods (Exercises)

8.E: Gravimetric Methods (Exercises)

This page titled 7.5: Gravimetric Methods (Exercises) is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by

David Harvey.

https://chem.libretexts.org/@go/page/167790



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/167790?pdf
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.5%3A_Gravimetric_Methods_(Exercises)
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/08%3A_Gravimetric_Methods/8.E%3A_Gravimetric_Methods_(Exercises)
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.5%3A_Gravimetric_Methods_(Exercises)
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

Li breTexts*

7.6: Gravimetric Methods (Summary)
8.S: Gravimetric Methods (Summary)

This page titled 7.6: Gravimetric Methods (Summary) is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by

David Harvey.

https://chem.libretexts.org/@go/page/167791



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/167791?pdf
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.6%3A_Gravimetric_Methods_(Summary)
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/08%3A_Gravimetric_Methods/8.S%3A_Gravimetric_Methods_(Summary)
https://chem.libretexts.org/Courses/Lakehead_University/Analytical_I/7%3A_Gravimetric_Methods/7.6%3A_Gravimetric_Methods_(Summary)
https://creativecommons.org/licenses/by-nc-sa/4.0
http://dpuadweb.depauw.edu/harvey_web/Index.html

LibreTexts*
CHAPTER OVERVIEW

8: Titrimetric Methods

Titrimetry, in which volume serves as the analytical signal, made its first appearance as an analytical method in the early eighteenth
century. Titrimetric methods were not well received by the analytical chemists of that era because they could not duplicate the
accuracy and precision of a gravimetric analysis. Not surprisingly, few standard texts from the 1700s and 1800s include titrimetric
methods of analysis.

Precipitation gravimetry developed as an analytical method without a general theory of precipitation. An empirical relationship
between a precipitate’s mass and the mass of analyte—what analytical chemists call a gravimetric factor—was determined
experimentally by taking a known mass of analyte through the procedure. Today, we recognize this as an early example of an
external standardization. Gravimetric factors were not calculated using the stoichiometry of a precipitation reaction because
chemical formulas and atomic weights were not yet available! Unlike gravimetry, the development and acceptance of titrimetry
required a deeper understanding of stoichiometry, of thermodynamics, and of chemical equilibria. By the 1900s, the accuracy and
precision of titrimetric methods were comparable to that of gravimetric methods, establishing titrimetry as an accepted analytical
technique.

8.1: Overview of Titrimetry

8.2: Acid—Base Titrations

8.3: Complexation Titrations

8.4: Redox Titrations

8.5: Precipitation Titrations

8.6: Titrimetric Methods (Exercises)

8.7: Titrimetric Methods (Summary)

Thumbnail: A Winkler titration to determine the concentration of dissolved oxygen in a water sample. The dissolved oxygen has
been converted to an equivalent amount of iodine, which is being titrated with thiosulfate using a starch indicator. The blue color in
the flask will disappear when all the iodine has been converted to iodide. Image used with permission (CC BY-SA 3.0; Will
Woodgate (Cornwall College, UK)).
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8.1: Overview of Titrimetry

In titrimetry we add a reagent, called the titrant, to a solution that contains another reagent, called the titrand, and allow them to
react. The type of reaction provides us with a simple way to divide titrimetry into four categories: acid—base titrations, in which an
acidic or basic titrant reacts with a titrand that is a base or an acid; complexometric titrations , which are based on metal-ligand
complexation; redox titrations, in which the titrant is an oxidizing or reducing agent; and precipitation titrations, in which the
titrand and titrant form a precipitate.

We will deliberately avoid the term analyte at this point in our introduction to titrimetry. Although in most titrations the analyte
is the titrand, there are circumstances where the analyte is the titrant. Later, when we discuss specific titrimetric methods, we
will use the term analyte where appropriate.

Despite their difference in chemistry, all titrations share several common features. Before we consider individual titrimetric
methods in greater detail, let’s take a moment to consider some of these similarities. As you work through this chapter, this
overview will help you focus on the similarities between different titrimetric methods. You will find it easier to understand a new
analytical method when you can see its relationship to other similar methods.

Equivalence Points and End Points

If a titration is to give an accurate result we must combine the titrand and the titrant in stoichiometrically equivalent amounts. We
call this stoichiometric mixture the equivalence point. Unlike precipitation gravimetry, where we add the precipitant in excess, an
accurate titration requires that we know the exact volume of titrant at the equivalence point, Ve, The product of the titrant’s
equivalence point volume and its molarity, M, is equal to the moles of titrant that react with the titrand.

moles titrant = M7 x V¢,

If we know the stoichiometry of the titration reaction, then we can calculate the moles of titrand.

Unfortunately, for most titration reactions there is no obvious sign when we reach the equivalence point. Instead, we stop adding
the titrant at an end point of our choosing. Often this end point is a change in the color of a substance, called an indicator, that we
add to the titrand’s solution. The difference between the end point’s volume and the equivalence point’s volume is a determinate
titration error. If the end point and the equivalence point volumes coincide closely, then this error is insignificant and is safely
ignored. Clearly, selecting an appropriate end point is of critical importance.

Volume as a Signal

Instead of measuring the titrant’s volume, we may choose to measure its mass. Although generally we can measure mass more
precisely than we can measure volume, the simplicity of a volumetric titration makes it the more popular choice.

Almost any chemical reaction can serve as a titrimetric method provided that it meets the following four conditions. The first
condition is that we must know the stoichiometry between the titrant and the titrand. If this is not the case, then we cannot convert
the moles of titrant used to reach the end point to the moles of titrand in our sample. Second, the titration reaction effectively must
proceed to completion; that is, the stoichiometric mixing of the titrant and the titrand must result in their complete reaction. Third,
the titration reaction must occur rapidly. If we add the titrant faster than it can react with the titrand, then the end point and the
equivalence point will differ significantly. Finally, we must have a suitable method for accurately determining the end point. These
are significant limitations and, for this reason, there are several common titration strategies.

Depending on how we are detecting the endpoint, we may stop the titration too early or too late. If the end point is a function
of the titrant’s concentration, then adding the titrant too quickly leads to an early end point. On the other hand, if the end point
is a function of the titrand's concentration, then the end point exceeds the equivalence point.
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A simple example of a titration is an analysis for Ag" using thiocyanate, SCN™, as a titrant.
Ag*(ag) + SCN~(ag) = Ag(SCN)(s)

This reaction occurs quickly and with a known stoichiometry, which satisfies two of our requirements. To indicate the titration’s
end point, we add a small amount of Fe3* to the analyte’s solution before we begin the titration. When the reaction between Ag*
and SCN~ is complete, formation of the red-colored Fe(SCN)>* complex signals the end point. This is an example of a direct
titration since the titrant reacts directly with the analyte.

This is an example of a precipitation titration. You will find more information about precipitation titrations later in this chapter.

If the titration’s reaction is too slow, if a suitable indicator is not available, or if there is no useful direct titration reaction, then an
indirect analysis may be possible. Suppose you wish to determine the concentration of formaldehyde, H,CO, in an aqueous
solution. The oxidation of HyCO by I3y

H,CO(aq) + I5 (ag) + 30H ™ (ag) = HCO; (aq) + 31" (ag) + 2H,0(1)

is a useful reaction, but it is too slow for a titration. If we add a known excess of I and allow its reaction with H,CO to go to
completion, we can titrate the unreacted Iy with thiosulfate, S,03~.

I; (ag) + 28,02 (ag) = S:0% (ag) + 31 (ag)

The difference between the initial amount of I; and the amount in excess gives us the amount of I that reacts with the
formaldehyde. This is an example of a back titration.

This is an example of a redox titration. You will find more information about redox titrations later in this chapter.

Calcium ions play an important role in many environmental systems. A direct analysis for Ca2* might take advantage of its reaction
with the ligand ethylenediaminetetraacetic acid (EDTA), which we represent here as Y*-.

Ca’" (ag) + Y* (ag) = CaY* (aqg)
Unfortunately, for most samples this titration does not have a useful indicator. Instead, we react the Ca>* with an excess of MgY?~
Ca® (ag) + MgY* (ag) = CaY* (aq) + Mg™* (aq)
releasing an amount of Mg?" equivalent to the amount of Ca?* in the sample. Because the titration of Mg?" with EDTA
Mg™* (aq) +Y*~(ag) = MgY*~(aq)

has a suitable end point, we can complete the analysis. The amount of EDTA used in the titration provides an indirect measure of
the amount of Ca®" in the original sample. Because the species we are titrating was displaced by the analyte, we call this a
displacement titration.

MgY?~ is the MgZ*~EDTA metal-ligand complex. You can prepare a solution of MgY?~ by combining equimolar solutions of
Mg?* and EDTA. This is an example of a complexation titration. You will find more information about complexation titrations
later in this chapter.

If a suitable reaction with the analyte does not exist it may be possible to generate a species that we can titrate. For example, we
can determine the sulfur content of coal by using a combustion reaction to convert sulfur to sulfur dioxide

S(s) + O2(g) — SO2(9)
and then convert the SO to sulfuric acid, HySOy, by bubbling it through an aqueous solution of hydrogen peroxide, H>O».

S04(g) + H202(aq) — H2S04(ag)
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Titrating H,SO4 with NaOH
H,S04(aq) + 2NaOH(aq) = 2H,0(1) + NaySO4(aq)

provides an indirect determination of sulfur.

This is an example of an acid-base titration. You will find more information about acid—base titrations later in this chapter.

Titration Curves

To find a titration’s end point, we need to monitor some property of the reaction that has a well-defined value at the equivalence
point. For example, the equivalence point for a titration of HCI with NaOH occurs at a pH of 7.0. A simple method for finding the
equivalence point is to monitor the titration mixture’s pH using a pH electrode, stopping the titration when we reach a pH of 7.0.
Alternatively, we can add an indicator to the titrand’s solution that changes color at a pH of 7.0.

Why a pH of 7.0 is the equivalence point for this titration is a topic we will cover later in the section on acid—base titrations.

Suppose the only available indicator changes color at a pH of 6.8. Is the difference between this end point and the equivalence
point small enough that we safely can ignore the titration error? To answer this question we need to know how the pH changes
during the titration.

A titration curve provides a visual picture of how a property of the titration reaction changes as we add the titrant to the titrand.
The titration curve in Figure 9.1.1 , for example, was obtained by suspending a pH electrode in a solution of 0.100 M HCI (the
titrand) and monitoring the pH while adding 0.100 M NaOH (the titrant). A close examination of this titration curve should
convince you that an end point pH of 6.8 produces a negligible titration error. Selecting a pH of 11.6 as the end point, however,
produces an unacceptably large titration error.

14+ end point
pH of 1 1.6\
124 K/__
10+
T B pHatveg=7.00

6 ‘\md point

pHof 6.8
4
2 /
{Veq=250mL
T T T T T T
0 10 20 30 40 50

VNaoH (mL)

Figure 9.1.1 . Typical acid-base titration curve showing how the titrand’s pH changes with the addition of titrant. The titrand is a
25.0 mL solution of 0.100 M HCI and the titrant is 0.100 M NaOH. The titration curve is the solid blue line, and the equivalence
point volume (25.0 mL) and pH (7.00) are shown by the dashed red lines. The green dots show two end points. The end point at a
pH of 6.8 has a small titration error, and the end point at a pH of 11.6 has a larger titration error.

For the titration curve in Figure 9.1.1 , the volume of titrant to reach a pH of 6.8 is 24.99995 mL, a titration error of —2.00
x 1074% relative to the equivalence point of 25.00 mL. Typically, we can read the volume only to the nearest £0.01 mL, which
means this uncertainty is too small to affect our results. The volume of titrant to reach a pH of 11.6 is 27.07 mL, or a titration
error of +8.28%. This is a significant error.

The shape of the titration curve in Figure 9.1.1 is not unique to an acid-base titration. Any titration curve that follows the change in
concentration of a species in the titration reaction (plotted logarithmically) as a function of the titrant’s volume has the same
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general sigmoidal shape. Several additional examples are shown in Figure 9.1.2 .

(a) 15 (b) 16. ()10
1.4- 8
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ké. “L:l‘ 1.0 =
51 ' 4-
0.81
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Figure 9.1.2 . Additional examples of titration curves. (a) Complexation titration of 25.0 mL of 1.0 mM Cd?* with 1.0 mM EDTA at

a pH of 10. The y-axis displays the titrand’s equilibrium concentration as pCd. (b) Redox titration of 25.0 mL of 0.050 M Fe?* with

0.050 M Ce*" in 1 M HCIO,. The y-axis displays the titration mixture’s electrochemical potential, E, which, through the Nernst

equation is a logarithmic function of concentrations. (c) Precipitation titration of 25.0 mL of 0.10 M NaCl with 0.10 M AgNOs. The

y-axis displays the titrant’s equilibrium concentration as pAg.
The titrand’s or the titrant’s concentration is not the only property we can use to record a titration curve. Other parameters, such as
the temperature or absorbance of the titrand’s solution, may provide a useful end point signal. Many acid-base titration reactions,
for example, are exothermic. As the titrant and the titrand react, the temperature of the titrand’s solution increases. Once we reach
the equivalence point, further additions of titrant do not produce as exothermic a response. Figure 9.1.3 shows a typical
thermometric titration curve where the intersection of the two linear segments indicates the equivalence point.

Temperature (°C)

equivalence
point

Violume of titrant (mL)

Figure 9.1.3 . Example of a thermometric titration curve showing the location of the equivalence point.

The Buret

The only essential equipment for an acid-base titration is a means for delivering the titrant to the titrand’s solution. The most
common method for delivering titrant is a buret (Figure 9.1.4 ), which is a long, narrow tube with graduated markings and
equipped with a stopcock for dispensing the titrant. The buret’s small internal diameter provides a better defined meniscus, making
it easier to read precisely the titrant’s volume. Burets are available in a variety of sizes and tolerances (Table 9.1.1 ), with the choice
of buret determined by the needs of the analysis. You can improve a buret’s accuracy by calibrating it over several intermediate
ranges of volumes using the method described in Chapter 5 for calibrating pipets. Calibrating a buret corrects for variations in the
buret’s internal diameter.
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stopcock

Figure 9.1.4 . A typical volumetric buret. The stopcock is shown here in the open position, which allows the titrant to flow into the
titrand’s solution. Rotating the stopcock controls the titrant’s flow rate.

Table 9.1.1 . Specifications for Volumetric Burets

volume (mL) class subdivision (mL) tolerance (&)

5 A 0.01 +0.01
B 0.01 +0.01

10 A 0.02 +0.02
B 0.02 +0.04

25 A 0.1 +0.03
B 0.1 +0.06

50 A 0.1 +0.05
B 0.1 +0.10

100 A 0.2 +0.10
B 0.2 +0.20

An automated titration uses a pump to deliver the titrant at a constant flow rate (Figure 9.1.5 ). Automated titrations offer the
additional advantage of using a microcomputer for data storage and analysis.
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Figure 9.1.5 . Typical instrumentation for an automated acid-base titration showing the titrant, the pump, and the titrand. The pH
electrode in the titrand’s solution is used to monitor the titration’s progress. You can see the titration curve in the lower-left
quadrant of the computer’s display. Modified from: Datamax (commons. Wikipedia.org).
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