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ABSTRACT: Limonite is the field term for a mixed assemblage of
ferric oxyhydroxides, often containing nonferric silicate impurities.
It is abundant on Earth’s surface, possesses variable iron content,
and is easily recognized by distinctive yellow and ochre hues.
Limonite is a unique centerpiece for undergraduate chemistry
laboratories because each sample represents a true unknown to
faculty and students alike, and because limonite does not digest
readily with common methods. Senior students were guided
through a primary literature review to assess and establish an
appropriate digestion method. Students then constructed the
procedure for determining the iron content in limonite using
atomic absorption spectroscopy. A final report, produced in the
style of this Journal, completed the start-to-finish process used by
scientists, helping students learn how novel problems are solved in
the laboratory. General chemistry students were provided with limonite extracts and used UV−vis spectroscopy to determine
their iron contents, gaining proficiency in wet-lab, data collection, and analysis skills. Lab reports included an interdisciplinary
discussion/interpretation of results from chemistry and geologic perspectives. The method used by students for digestion and
iron extraction was validated using goethite and iron(III) oxide as standards (<3% error). The two spectrometric methods
provided comparable results for the iron content in limonite. Despite challenging all students, these experiments were rated
favorably in written evaluations, and students self-rated their learning gains as very high. Limonite experiments promote curiosity,
discussion, and departure from laboratory exercises with predetermined results. Students become vested in analyzing a
geologically important material that is inherently complex and heterogeneous.

KEYWORDS: First-Year Undergraduate/General, Upper-Division Undergraduate, Interdisciplinary/Multidisciplinary,
Physical Chemistry, Communication/Writing, Inquiry-Based/Discovery Learning, Geochemistry, Instrumental Methods,
Quantitative Analysis, Spectroscopy

■ BACKGROUND

Limonite is a general name given to a mixed assemblage of
hydrated solid ferric oxyhydroxides that also frequently contains
the anhydrous species goethite [α-FeO(OH)] and lepidocro-
cite [γ-FeO(OH)].1 Limonite is common geologically and can
be found in wetlands, where it forms “bog iron”, and streams
affected by acid-mine drainage (Figure 1), as a component of
“yellow boy”.2 Limonite can also be found in modern and
ancient soils, sometimes yielding hard concretions (iron pans)
that inhibit root growth. The red (and yellow) hues of rocks
and soil are often determined by iron constituents, even in low
concentrations (several percent by mass),3 and for thousands of
years limonite has been a pigment used in yellow ochre and raw
sienna4 (Figure 2). Due to its low grade and often restricted
occurrence, limonites such as “bog iron” are rarely used in
modern iron and steel production.
Limonite is an important component of the iron cycle at

Earth’s surface. Iron, at over 4% by mass, is the fourth most

common element in Earth’s crustal lithosphere.6 Most
terrestrial iron occurs in the divalent state and is sequestered
geologically, primarily in silicate and sulfide minerals often
deeply buried in the crust and mantle. Once brought to the
surface, iron-bearing minerals tend to undergo geologically
rapid weathering. The typical steps are dissolution of the parent
mineral, the subsequent oxidation of iron, and hydrolysis that
yields ferric oxides or oxyhydroxides.7 Depending on
conditions, any of at least 10 well-known iron compounds
may form that may be anhydrous or variably hydrated.2 Most of
these consist of close-packed sheets of oxygen with Fe(III) in
the interstitial spaces.8 Ultimately, oxyhydroxide minerals are
formed that include ferrihydrite, goethite, and lepidochrocite.
Amorphous oxyhydroxides are also formed.
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Ferric oxides, an integral part of the reaction series forming
the oxyhydroxides, and other iron-bearing products such as
jarosite,9 are common components of limonite. In reality,
silicates and other non-iron-bearing minerals are also often
present in association with limonite. The chemical constitution
of natural limonite samples is, thus, highly heterogeneous,
and its schematic chemical formula is FeOOH·nH2O.10

Identification of the individual mineral species and other com-
ponents of the limonite assemblage is generally not possible in
the field and can be difficult in the laboratory, requiring tech-
niques beyond X-ray diffraction due to adsorption effects and
the poorly crystalline and/or disordered nature of some of the
constituents.2

■ PEDAGOGICAL RATIONALE
Laboratory analyses of materials that are common in students’
lives have been increasingly embraced by chemical educators to
make learning relevant and to engage students’ interest. Sherren
presented compelling arguments for using real-life samples for
unknowns in the chemistry curriculum since such samples
inherently contain “impurities” that must be taken into consid-
eration as professional chemists would have to do.11 Deter-
mination of metals in real-world samples using spectrometric
methods have been published in this Journal.12−26 Although the
connections between chemistry and geology have been
explored,27−47 publications on the analysis of rock/mineral

samples have been rare.48 The analysis of limonite, a complex
and common Earth material, presented a valuable teaching
opportunity to engage students at the first-year and senior
levels. The experiments used spectrometric techniques while
also developing wet-lab, data analysis, spreadsheet use, and
technical writing skills.
The rich interdisciplinary learning environment at The

Evergreen State College49−53 inspired the invention of this
experiment in a course that integrated general chemistry with
physical geology where studying geologically important samples
using chemistry was a recurring theme. Other interdisciplinary
experiments included quantification of carbonate in marble,54

extraction of copper from malachite,55 analysis of lake water
samples56 (collected during a geology field trip), and flame tests
and thin-layer chromatography to identify metals in minerals.57

The true unknown nature and heterogeneous chemical
composition of limonite makes the determination of its iron
content a sophisticated, yet feasible, research problem to teach
senior students the process scientists use to solve novel
problems in the laboratory. By guiding students’ efforts through
a series of steps with measurable outcomes (see Learning
Outcomes Part 1 below), we helped them acquire valuable
transferable skills. Limonite served to motivate student
engagement due to its natural variability (results are not
known a priori) and environmental significance.
We also developed a method to quantify the iron content in

limonite using optical spectroscopy in the general chemistry
laboratory to teach multiple, transferable skills (see Learning
Outcomes Part 2 below). It was conducted during the second
half of a year-long laboratory sequence so students could work
independently to demonstrate competency as well as reinforce
previously acquired skills. This experiment, also feasible at
institutions with large enrollments, engaged all students and
challenged even the most motivated. It allowed students to
explore geologic samples that, unlike those given to most
general chemistry students, possessed complexity and hetero-
geneity such as that encountered in nature. It is suitable for a
laboratory practical58,59 or for an inquiry-based lab.

■ LEARNING OUTCOMES

Grading rubrics (Supporting Information) with the following
learning outcomes were given to both groups of students prior
to the laboratory exercises.

Part 1. Senior Chemistry Laboratory

Students’ work was collected and graded for outcomes 1−5
below, to ensure mastery of each step before proceeding to the
next.

1. Literature search: Perform a literature search to identify
suitable method to quantitatively digest limonite. Learn
literature search and tracking tools (including Zotero60)
in workshops conducted by the reference librarian.

2. Understand the literature: Describe the chemistry of the
digestion process as detailed in the article selected by the
instructor61 from those submitted by students.61−70

3. Prepare solutions for analysis: Determine the desired
concentrations of five iron standards using the AA
spectrometer manual for guidance. Describe the process
of their preparation, and those of the limonite digest,
method blank, matrix blank, quality control (QC)
standard, and recovery standard and their functions.

Figure 1. Limonite deposited from acid-mine discharge in a tributary
of Solomon Run near Johnstown, Pennsylvania. (A) The white
precipitate is aluminum hydroxides.5 (B) Close-up of the limonite
deposit in Solomon Run.

Figure 2. Streak plate revealing the characteristic yellow-brown streak
of limonite (the compound color in powdered form).
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4. Chemicals and glassware: Make lists of chemicals and
required glassware to be acid washed to prepare the
above solutions.

5. Method development: Modify the experimental procedure
to use graphite (not platinum) crucibles and air-acetylene
(not nitrous oxide-acetylene) flame in the AA spectrom-
eter71 in response to the class discussion on the benefits,
challenges, and safety concerns presented in refs 61 and 71.

6. Prof iciency with the AA spectrometer: Attend instructional
workshops and earn the “driver’s license” to independ-
ently operate this instrument. Learn the theory of AA
spectroscopy in lectures.

7. Data collection and analysis: Working in pairs, collect
data and generate a class data set. Analyze the data set
individually.

8. Technical writing: Submit a formal paper of results
following guidelines of this Journal.72 Edit and rewrite
papers iteratively with support from the writing instructor
for final evaluation by the chemist (for scientific merit)
and the writing instructor (for technical writing skills).

Part 2. General Chemistry Laboratory

Students were required to work independently through the
following steps, demonstrating competence in previously
acquired skills.

1. Quantitative dilution using volumetric glassware: Prepare
quantitative dilutions of the limonite extract and the iron
stock solution following written instructions.

2. Prof iciency with the UV−visible spectrometer: Collect
absorbance data for the iron solutions and generate a
class data set.

3. Using spreadsheet sof tware for calculations and graphs: Plot
graphs and analyze the class data set using spreadsheets
(this involved using unfamiliar units, multiple unit
conversions, and stoichiometric calculations).

4. Formal report: Write report detailing procedures for
quantitative dilutions, data, analysis, detailed calculations,
descriptive statistics, accuracy and precision of data, and
sources of error.

5. Interdisciplinary connections: Include discussions of
observed limonite variability in the context of geology.

■ EXPERIMENTAL METHODS

Part 1. Senior Chemistry Laboratory

The iron in limonite73 was extracted into solution by fusing
with lithium metaborate (LiBO2) and lithium tetraborate
(Li2B4O7) in graphite crucibles at 1000 °C and dissolving the
resulting beads (Figure 3A) in nitric acid.71 Two different

limonite hand samples (limonite X and limonite Y) were used.
Each student pair prepared five iron standards, a QC standard
(to verify the quality of iron standards), a matrix blank
(instrument blank), a method blank (to ensure that iron was
not externally introduced during experiment), and a recovery
standard (to test the efficacy of the experimental method) and
collected data with the AA spectrometer74 (248.3 nm
wavelength).

Part 2. General Chemistry Laboratory

Students were provided with the limonite extract and a 10 ppm
iron(II) stock solution. Each student prepared quantita-
tive dilutions of these solutions adding 0.1% 2,2′-bipyridyl
during the process to form a strawberry red Fe(II) complex75

(Figure 4A). Absorption spectra of this red complex were
recorded with UV−vis spectrometers76 at a λmax of 518 nm
(Figure 4B). Individual student data were gathered into a class
spreadsheet for analysis. The experiment, completed within a
3 h lab period, furthered students’ skill with this instrument.
Laboratory staff prepared extracts of goethite (Figure 4C) and
iron(III) oxide (as recovery standards) following the same
procedure as limonite. UV−vis spectra of these recovery stan-
dards were also recorded (Table 1).

Digestion Process. The mixture of lithium tetraborate
(mp 920 °C) and lithium metaborate (mp 845 °C) flux melts at
the oven temperature (1000 °C). Limonite dissolves in this
melt, mobilizing the iron ions. After cooling, the resulting bead
(Figure 3A) is digested with nitric acid to extract iron ions into
aqueous solution. Orthoboric acid (inhibits the polymerization
of silica preventing the solution from turning cloudy) and
cesium chloride solutions (only for AA analysis) are added, and
the solution is filtered. Cesium chloride (ionization suppres-
sant), orthoboric acid, and the lithium borates prevent interele-
ment interferences in the AA spectrometer. This technique
made clear solutions from limonite samples containing
silicates,61,64,77,78 for analysis in the spectrometers. It is pre-
ferred to hydrofluoric acid for metal extraction due to safety
concerns. See Supporting Information for detailed experimental
procedures.

■ HAZARDS

Hydrochloric and nitric acids are strong acids. They, along with
lithium tetraborate, iron(III) oxide, 2,2′ bipyridyl, hydroxyl-
amine hydrochloride, and sodium acetate can cause serious
damage to eyes, skin, and the respiratory system. Cesium
chloride is harmful to skin and eyes. Boric acid may impair
fertility or harm an unborn child. Lithium metaborate is a skin
irritant. Ferrous ammonium sulfate hexahydrate is corrosive,
fatal if ingested, and harmful if inhaled or absorbed through
skin. Use oven mitts to remove hot crucibles from the muffle
furnace.
Reading the Material Safety Data Sheets of all chemicals;

understanding the hazards; and gaining familiarity with proper
handling, disposal, and response to possible exposures were
integrated into the prelaboratory assignments. All chemicals
(CAS numbers in Supporting Information) were commercially
purchased at 99.999% purity.79

■ RESULTS AND ANALYSIS

Part 1. Senior Chemistry Laboratory

Each student pair generated a standard curve with AA
spectrometric data for iron standards (Figure 5A).

Figure 3. (A) Limonite fusion bead, ∼1 cm in diameter. (B) Student
collecting data with the AA spectrometer.
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Part 2. General Chemistry Laboratory

Each student prepared a Beer−Lambert graph from the class
data set collected with the UV−vis spectrometer for iron
standards (Figure 5B).
Spreadsheet software was used for graphing and data analysis

with both groups. Iron content in samples (Table 1) was
determined using standard curves in Figure 5. Data, calculations,
and analysis are available in the Supporting Information.

■ DISCUSSION

Part 1. Senior Chemistry Laboratory

The instrument response for the QC standard (Figure 5A)
confirms the quality of the iron standards. Iron was not
detected in the method blank, confirming that it was not

introduced externally during experimental procedures. The low
percent error (2.6% compared with the theoretical value in
Table 1) for the recovery standard (Fe2O3) is evidence that the
fusion method quantitatively extracted iron from solid samples
into solution.
The iron contents in limonite hand samples X and Y are

similar, perhaps because the commercial supplier collected
them from the same location. The standard deviation of
students’ data was high, most likely due to errors introduced
during the multiple quantitative transfer steps. Data in
Table 1 were collected by one student (A.J.O., coauthor on
this paper).
The burner head of the AA spectrometer clogged several

times during the experiment (most likely due to the formation
of iron oxides) and required cleaning. As a result, students
gained experience in instrument maintenance. This experiment
required five 3 h lab periods primarily because all students
earned their driver’s licenses on a single AA instrument. With
the experience gained, laboratory time could be reduced to four
periods.

Part 2. General Chemistry Laboratory

The scatter in the Beer−Lambert graph (Figure 5B) may be
attributed to general chemistry students’ lack of experience in
preparing standards and the use of multiple spectrometers.76

About 10% of students’ data were discarded due to errors from
poor technique. However, access to the class data set enabled
every student to complete the data analysis.
The low percent errors for the two recovery standards (1.7%

for Fe2O3 and 1.5% for goethite respectively, compared with
their theoretical values in Table 1) reflect that the extraction
method was successful for both solids. Goethite was used
because it is often the most common mineral species present in
limonite,80 and it is valuable to assess the method’s efficacy in

Figure 4. (A) Iron standards prepared by students. (B) Students working with UV−vis spectrometers. (C) Goethite sample used as a recovery standard.

Table 1. Analytic Results of Determination of Iron in
Limonite by Spectrometric Methods

Sample Mean Mass of Iron, % ±SD

AA Spectroscopy

Limonite sample “X” (mean, N = 7)a 24.1 ± 1.5

Limonite sample “Y” (mean, N = 7)a 21.5 ± 0.9

Recovery standard (Fe2O3) 68.1

Theoretical value (Fe2O3) 69.9

UV−Vis Spectroscopy
Limonite sample “X” (mean, N = 41) 21.8 ± 2.2

Limonite sample “X”b 21.9

Recovery standard (Fe2O3)
b 71.1

Theoretical value (Fe2O3) 69.9

Recovery standard (Goethite)b 61.9

Theoretical value (Goethite) 62.9
aLimonite samples X and Y represent the two different hand samples
used in the AA spectroscopic study. bData collected by laboratory staff
for comparison.

Figure 5. (A) Standard curve from iron standards generated by a student (A.J.O., coauthor on this paper) via the atomic absorption spectrophotometer.
(B) Class data set (N = 47) from the UV−vis spectrometer on a Beer−Lambert graph. The regression lines represent the best fits.
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digesting and recovering iron from its structure. Limonite has
the additional caveat of possessing silicate “impurities” that
must also be digested; however, the fusion method has been
shown to be effective with these minerals.71 In future trials the
cheaper hematite (Fe2O3) can be solely used as the recovery
standard.
Within experimental error, the percent masses of iron in

limonite determined by the two different spectrometric
methods are similar. This validates the use of UV−vis
spectroscopy as a low cost option, particularly with general
chemistry students. In future trials, we hope to use limonite and
soil samples collected from our locality or field trips to make
this experiment even more relevant for students.

Student Feedback and Evidence of Learning Gains

Part 1. Senior Chemistry Laboratory. Every student
successfully achieved the learning outcomes. The process of
iterative writing and editing greatly improved the quality of the
lab reports even though students initially resisted this process.
The reference librarian and the writing instructor, a veteran at
the college, wrote:

This is the best teaching experience I have had in my career.
The writing portion was dramatically enhanced by the
collaboration of the faculty: a chemist and a rhetorician/
librarian. Co-teaching allowed for substantive discussion of
scientific conventions as practiced in laboratory reports
and research papers. I was able to develop a sustained
relationship with each student as I responded to their work
individually and drew them into group discussions of
scientific rhetoric: the effective uses of passive voice, the role
of storytelling, and the art of description. Students were
persuaded of the importance of these literacies because they
were evaluated on their performance.

Students’ feedback included the following:
Deriving an experimental procedure for the limonite
laboratory was very rewarding, even though it precipitated
many problems over the course of several weeks. Our
professor could have provided us the procedure for this
laboratory but instead we got to experience firsthand the
process used by scientists. That kind of experience is
invaluable.
We spent what felt like a month researching and refining a
method for the limonite laboratory. Although this was very
frustrating at the time, it was the first time a teacher had put
me in a situation to dedicate myself to improving my research
skills, double check my answers, and do my best to make sure
that the method was as accurate as possible. I realized how
important this skill is later in the year as I moved on to a
research project.
Part 2. General Chemistry Laboratory. Students worked

with real samples, large data sets, and used unfamiliar units
(and unit conversions), experiences uncommon in the general
chemistry laboratory. Students’ proficiency with transferable
skills such as using spreadsheet software and quantitative
reasoning skills were reinforced. The overall quality of students’
lab reports was very good showing their investment and
interest. A discussion following this laboratory, co-led by the
chemist and the geologist, on the properties of limonite, its
geological origins, solid state structure, chemical composition,
and possible impurities further enriched this interdisciplinary
learning experience. Students gained firsthand appreciation of
the contributions chemical analysis makes to study geological
samples.

Students’ feedback included the following:
We were able to begin applying new knowledge to real world
situations through laboratory work on field samples.
The limonite laboratory connected geology and chemistry in
a way that kept me engaged and wanting to learn new
concepts in these subjects.
This laboratory was creative; the instructors allowed me to
figure things out on my own, giving me better insight into
what it is like to be a scientist.
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