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Graduate chemical engineering programs typically 
contain several-to-many elective courses. These 
electives typically offer advanced theoretical cover-

age of emerging areas and interdisciplinary fields. Often, 
they take the standard concepts that are developed in core 
courses (transport, kinetics/reactor design, thermodynamics) 
and apply them in new ways (microfluidics, enzyme kinet-
ics, nanotechnology, bioengineering). Textbooks for many of 
these areas have now become available, to the extent that it 
is possible to teach some of these advanced electives from a 
textbook-driven approach vs. a literature-driven approach.

At the University of South Alabama, we offer several of 
these courses in our Master’s program, in the form of “Spe-
cial Topics” graduate electives. These courses are usually 
well-received, and students often show increased interest 
in the course material, as it is perceived as more “relevant.” 
Examining both our core and elective courses, however, we 
have found that formal instruction on the practical elements 
of experimental design, literature review, and research is 
often not addressed, but instead left up to student-faculty 
interactions on a case-by-base basis. This strictly theoretical 
paradigm could be satisfactory for a program that only offers a 
thesis-track option, with the assumption that a competency of 
research and laboratory instruction is given by the thesis men-
tor. For a program such as ours—which allows for multiple 
graduate-study options: thesis, project, and coursework—we 
propose that basic training in laboratory and research methods 
is both helpful and an effective use of resources. For students 
who will go on to perform thesis research, this course gives 
an introduction to research and laboratory methods that they 
will need during that thesis research. Likewise, for nonthesis 
Master’s students, this course provides a necessary practical 
component that would otherwise be lacking in their curricu-
lum. By introducing graduate students to practical research 

concepts in a formal classroom/lab environment, we believe 
that common issues encountered in graduate research—lit-
erature surveys, laboratory practice, report writing—are 
addressed effectively, together, and early in the graduate 
curriculum.
Approaches to Research Methods Education

There are now several chemical engineering, graduate 
research methods courses that have been documented in the 
literature,[1-4] and are summarized below. It is interesting to 
note that while the need for graduate research methods edu-
cation and evaluation is agreed upon by all of the authors 
(including ourselves), the approach and implementation vary 
considerably.
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In 1995, Ollis proposed the need to evaluate the ability of 
first-year graduate students to conduct and complete suc-
cessful graduate research, and the apparent failure of written, 
course-based qualifying exams to provide this evaluation.[3] 
The resulting one-semester “Research Proposition” course 
developed at North Carolina State University employed an 
applied approach, requiring students to complete a research 
proposal independent of their thesis adviser. This required 
students to perform the key steps of graduate research, with 
the exception of laboratory experimentation (an anticipated 
results section is used). The proposal is evaluated by a faculty 
committee in both oral and written formats, with advancement 
in the Ph.D. program dependent on a successful evaluation.

Burrows and Beaudoin later described a graduate research 
methods course at Arizona State University.[4] While many 
instructional elements of their course are similar to those 
described by Ollis, the student assignments and evaluation 
vary significantly. Students completed a variety of assign-
ments, each focused on a main topic of graduate research 
methods, instead of completing a single research proposal (as 
described by Ollis). In addition, the culmination of Burrows 
and Beaudoin’s course was a research presentation given by 
faculty members, in which students were able to critique a 
well-developed research presentation. In summary, Burrows 
and Beaudoin’s course seems to focus more on instructing 
students in the individual tasks of conducting research, while 
Ollis’s course builds up to a final written and oral proposal, 
partly due to a departmental need to decide whether students 
should advance in the Ph.D. program.

Holles reports on a 3-credit hour Theory and Methods of 
Research course that emphasizes graduate student presenta-
tions and skills in reading and writing peer-reviewed journal 
articles.[1] As in the two previous articles, Holles’s course is 
also a first-year graduate research methods course—required 
for all graduate students. As mentioned, Holles’s course em-
phasizes oral presentation skills, with 5 out of the 14 weeks in 
the semester devoted to presentation instruction and student 
presentations. Holles’s course also includes two weeks of 
ethics instruction. Similar to Burrows and Beaudoin, Holles’s 
course uses different assignments on various aspects of con-
ducting graduate research, rather than the single, culminating 
research proposal used by Ollis.
Aucoin and Jolicoeur present a five- to-six week intensive 

laboratory elective course offered at École Polytechnique de 
Montréal that focuses on teaching graduate students research 
skills through the operation of a 20 L fermentation reactor to 
produce green fluorescent protein.[2] This course requires stu-
dents to step through most of the stages in graduate research, 
from conducting literature surveys, to performing research, to 
writing a final report. The final report in this course is similar 

in content and in style to a manuscript for publication. In-fact, 
Aucoin and Jolicoeur mention that students continued to be 
involved with course instructors, even after completion of the 
course, in order to develop a publishable manuscript. While 
this course does not require students to develop an in-depth 
proposal (as Ollis does), and possibly does not cover the 
breadth of research methodology instruction (as Burrows and 
Beaudoin or Holles do) it does introduce an important aspect 
of graduate research: laboratory experimentation.

Our Approach for Providing Graduate Research 
Methods and Laboratory Training

At the University of South Alabama, we have taken an ap-
proach that combines many of these elements. While this course 
was developed prior to publication of Aucoin and Jolicoeur’s 
course, we agree with their assessment that undergraduate 
education generally does not prepare students for the type of 
hands-on “self-discovery” or experimental research that must 
be conducted at the graduate level. To address these concerns 
over practical research training of graduate students we have 
implemented a semester-long graduate elective that requires 
students to step through all of the basic aspects of a research 
project, including experimental laboratory work. This elective 
course was taught in the Spring 2009 semester, rooted in a cur-
rent “hot topic” of chemical engineering research: production of 
alternative fuels from biological sources. This specific course 
offering focused on production of biodiesel from algae. While 
similar to Aucoin and Jolicoeur’s course in some regards, this 
course differs in implementation (where students design both 
the equipment and experimental procedures for the course), 
in the use of a plant cell line as a biofeedstock, and in the 
incorporation of subsequent downstream processing steps. Suc-
cessful completion of the course required graduate students to 
conduct a literature survey, design laboratory equipment, plan 
a set of laboratory experiments, keep laboratory notebooks, 
trouble-shoot experimental protocol, prepare research reports, 
and iteratively present results before guest faculty. A unique 
aspect of this approach is that student teams were required to 
work together to design a series of unit operations to achieve 
an entire process: from algae growth to lipid extraction to 
transesterification reaction.

In this paper we present the structure and outcomes of this 
course, which can easily be applied to alternative research top-
ics. We also describe the equipment and experimental methods 
used in this specific offering, including development of a 
laboratory-scale algae bioreactor, methods for lipid extraction, 
and a basic apparatus for transesterification. We believe that 
these practical skills, from learning to use a citation-database 
to developing calibration protocols for measuring algae cell 
density, are valuable preparation for thesis research and gradu-
ate research careers, whether industrial or academic.
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MATERIALS AND METHODS
Course Description

The algae biodiesel course was a three-credit-hour elective 
offered to students in the Chemical Engineering Master’s of Sci-
ence program. Our program consists of five core courses, and 
three elective courses, in addition to thesis research. Graduate 
electives are typically offered only once per year, or every other 
year, allowing some rotation of the electives available to the 
graduate students. There were no prerequisites for this course, 
other than graduate standing in the Chemical Engineering 
department, as this course was intended to be an introductory 
course for incoming graduate students. The purpose of this 
course was to satisfy one of the required electives by focusing 
on a high-interest topic while simultaneously providing a re-
search and practical laboratory background that would prepare 
students for their M.S. thesis.

This course combined regularly scheduled classroom time 
(1-3 hours per week) and laboratory hours (on an as-needed 
basis). Instructor contact time during the first half of the se-
mester was mainly in the classroom, with a focus on technical 
writing (literature survey, research proposal) and presentation 
skills. As the semester progressed, students spent more of their 
time in the laboratory and meeting as a team with the instruc-
tor, and classroom hours were decreased to compensate.

This course was co-taught by the authors of the paper, with 
additional expertise in algae growth provided by Dr. Timothy D. 
Sherman (Biological Sciences). Classroom instruction was di-
vided relatively equally between both instructors. Oversight of 
equipment development and laboratory exercises was divided 
between algae growth (bioreactor design) and lipid extraction 
and transesterification. Dr. Leavesley supervised the former and 
Dr. West the latter. There was no teaching assistant assigned 
to this course, although in the future, a teaching assistant with 
some experience in cell culture would be highly beneficial.

Funding for this course was provided by the Chemical 
and Biomolecular Engineering Department. While most of 
the equipment needed to perform the lipid extraction and 
transesterification reactions was already available within 
departmental laboratories, equipment for the bioreactor had 
to be designed and purchased. The total equipment costs for 
this course were roughly $600 U.S.
Student Cohort

Six graduate students were enrolled in this course, all of 
whom were in their first year of the M.S. program. The average 
class size for chemical engineering graduate courses at the 
University of South Alabama is five to 10 students, and the 
enrollment of six students in this course represented most of 
the new graduate students for the 2008-2009 academic year. 
These students had yet to begin their thesis research, and one 

of the primary goals of this course was to provide them with 
initial training in research and laboratory methods.
Course Structure

The algae biodiesel course contained several key components: 
1) a literature survey, 2) research plan, 3) laboratory procedure 
and protocols, 4) technical writing, and 5) presentation skills. 
Each of these is a necessary skill in graduate research. Students 
were split into three teams of two students each, researching 
the following areas: algae growth (bioreactor), lipid extraction, 
and transesterification reaction to form biodiesel.

Formal assessments were made during research presenta-
tions and in each stage of writing the research report (Table 
1). Students received informal feedback on each compo-
nent as they progressed through the course. In essence, the 
timeline for this course (Table 2) mirrored that found in a 
typical Master’s thesis in our department, although on a 
scaled-down level.

Literature Survey
A literature review was required from each team before 

teams were allowed to progress to equipment design and 
experimental planning. Students were initially supplied with 
several key review papers[5-7] and instruction was supplied on 

TABLE 1
The grading scale for this class places a high emphasis 
on report writing, research and experimental planning, 

and developing presentation skills.
Weekly Presentations 10% 

Research Plan 30%

Midcourse Report 20%

Final Report 30%

Final Presentation 10%

TABLE 2
The timeline for this graduate laboratory class allows 

students to walk through the typical steps that are 
required for performing graduate research.

Assignment Weeks 
(Semester Basis)

Literature Survey 1-3

Equipment/Apparatus Design 3-4

Research Plan 5

Equipment/Apparatus Construction 5-7

Experiment Execution 5-10

Midcourse Report 10

Revised Experiment Execution 10-14

Final Report 14

Final Presentation 15

Graduate Education
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appropriate methods to evaluate peer-reviewed literature.[8] 
Using these as a basis, students conducted a formal literature 
review, with an emphasis placed on quality, peer-reviewed 
sources. A standardized textbook was not used for this course, 
as we wanted to place the emphasis of the literature survey 
on peer-reviewed publications and recent literature (requiring 
students to gather information from many sources). To give 
students a more formalized introduction to plant cell culture,  
however, supplemental instruction on algae growth was given 
by a guest lecturer from the Biological Sciences department. 
Instruction was also given in the use of SciFinder and Google 
Scholar[9] in conducting a literature review, and in the use of 
Zotero,[10] a reference management system.

Research Plan
Each team of students was required to submit a research 

plan. This preliminary proposal consisted of the literature 
survey, a description of experiments to be conducted, the 
design of any new equipment needed for these experiments, 
the experimental and safety protocols that would be followed, 
the independent and dependent parameters of the experiments, 
and a timeline for completing experiments. An initial proposal 
was developed by each team, and then further refined through 
team meetings with the course instructors. For example, the 
initial proposals contained general information—a sketch 
of the equipment needed, a conceptual overview of how the 
equipment should operate, major safety concerns—but lacked 
details such as specific steps in developing the equipment, or 
detailed laboratory procedures, as discussed below.
In addition to describing the specific process assigned to a 

team, teams were required to coordinate amongst each other, 
as the processes in this course are inter-dependent. This is a 
common situation in practical research environments. For 
example, when algae grown by one team was needed for 
extraction experiments conducted by a different team, the 
teams were required to submit a plan for how these experi-
ments would be coordinated. The algae bioreactor took several 
weeks to design and set up. To allow independent testing of 
the lipid extraction and transesterification processes, substitute 
intermediates were provided to these teams. Several types of 
nuts (cashews, peanuts) with known fat content were used 
as a substitute for testing the lipid extraction process, while 
canola oil was used as a substitute for extracted lipids in the 
transesterification process. Hence, each team was able to 
set-up and test equipment independently, while coordinating 
the dependency of the three processes for producing the final 
product, biodiesel from algae.

Laboratory Procedure and Protocols
While designing equipment and conducting experiments, 

students followed the experimental procedure and protocols 
outlined in their research proposal. As discussed above, the 

initial procedures proposed were very general and often lacked 
specific details for each step of the experiment. These proto-
cols were updated and detail was added during meetings with 
the course instructors. Teams were also given tours of labora-
tory space and introduced to operating procedures and safety 
protocols for specific pieces of equipment (e.g., handling of 
compressed gasses, use of a heating mantle). While laboratory 
safety was not an independent objective of this course, it was 
a required component for every team’s procedure, and teams 
were not allowed to proceed on to experimentation without 
documenting safety concerns specific to their processes.

Once the laboratory procedure was approved, teams were 
allowed to begin setting up equipment and conducting experi-
ments. Students were required to keep notes on their experimen-
tation, although the laboratory notebook was not a graded item 
for this course. Teams were also required to present updates on 
their equipment and experimentation during scheduled course 
meetings, as described in the Presentation Skills section.

The goal of this step was that, by the end of the course, 
each team had compiled a set of experimental protocols 
that could be followed to repeat the experiments. This was a 
valuable learning experience for students, as it emphasized 
the need to keep a detailed laboratory notebook as well as 
to develop accurate standard operating procedures (SOPs). 
Both laboratory notebooks and SOPs are important aspects 
of good laboratory practice (GLP), a critical component of 
industrial research that is often not discussed (or only briefly 
mentioned) in graduate courses.

Technical Writing
Students were required to submit written reports in three 

stages: a research plan (including literature survey), a midcourse 
report, and a final report. An emphasis was placed on structur-
ing each of these assignments as a manuscript that one could 
submit for peer review. During the early portion of the semester, 
in-class instruction was given on key aspects of developing a 
manuscript, including how to structure the manuscript, how to 
properly cite other publications (discussed above), and how to 
present data and generate quality figures. Student teams also 
met several times with the course instructors to discuss their 
progress. Each stage of writing was built upon the previous 
stage. Hence, the mid-course report included the literature 
survey and proposed equipment design that was presented in 
the research plan. Teams were assessed and received written 
feedback for each of the three stages of the written report. The 
goal of this process was that, by the completion of the course, 
each team had developed a manuscript in a style and format 
consistent with a peer-reviewed journal.

Presentation Skills
Five times during the semester, teams presented their 

progress to the class. Presentations followed the format of a 

Graduate Education



Chemical Engineering Education252

10-minute conference presentation, with questions following 
each presentation. During the initial portion of the semester 
teams were given tips on how to develop a technical presenta-
tion. At several of the presentations, external evaluators were 
also asked to provide feedback to students. A standard oral 
evaluation form was used to provide feedback to each student 
(supplemental material).
Laboratory Equipment and Experiments
Algae Bioreactor
The first student team was assigned the task of measur-

ing algae growth kinetics, and using this data to perform 
a theoretical reactor scale-up. Students proposed a design 
for a laboratory-scale algae bioreactor (Figure 1), and after 
feedback from faculty, constructed the reactor using 500 
mL gas washing bottles (Fisher Scientific, Pittsburgh, PA) 
as the primary algae growth chamber (Figure 2). Reactor 
temperature was maintained through a 3/8” copper tub-
ing heat-exchange coil and an external chiller-circulator 
(Isotemp 1028P, Fisher Scientific, Pittsburgh, PA). Light 
was provided through 16” diameter, full-spectrum, circline 
fluorescent lamps (FC16T9/Day/40W, Sylvania, Danvers, 
MA). Chlamydomonas strain CC-503 cw92 mt+, obtained 
from Chlamydomonas Resource (Department of Biology, 
Duke University), was used for these experiments, as it has a 
weaker cell wall, facilitating lipid extraction.[11] Selection of 
the appropriate algae species is a field of research in 
and of itself and for the purposes of this course was 
considered a fixed constraint. Algae were grown in 
a Tris-acetate phosphate (TAP) nutrient solution[12] 
and bubbled with a 5% by volume mixture of CO2 
and dry air. Students identified light (both intensity 
and cycle), temperature, seeding concentration, CO2 
flow rate, and nutrient concentration as independent 
variables, and algae concentration and lipid content 
as dependent variables. Of these, students selected 
several independent parameters (light, temperature, 
CO2 flowrate) to vary in order to optimize algae 
growth. Algae concentration was measured using 
absorbance at 680 nm, calibrated to a direct cell 
count using a hemacytometer (Figure 3).
Lipid Extraction

Lipid extraction is a key step in the algae biodiesel 
process. A second student group was assigned the 
task of comparing multiple methods for lipid extrac-
tion. Students compared different sample preparation 
mechanisms (crushing, chopping, freezing) to assess 
extraction efficiency. A Soxhlet extractor (Figure 4) 
was used with hexane as a positive control (actual 
lipid content). Lipid content was calculated by a mass 
balance on the original and final substrate, and on the 

Figure 1. Student sketch of the initial algae bioreactor system.

Figure 2. Top-view of the final student-designed algae bioreactor.  
Algae were grown in two 500 mL gas washing bottles supplied with 

5% CO2 in dry air mixture. A 5-gallon glass tank, partially filled with 
H2O, was used as a constant-temperature bath, with temperature 

maintained by a chiller-circulator and 3/8” coiled copper tubing used 
as a heat-exchanger. Light was provided by three full-spectrum, 16” 

diameter circline fluorescent lamps.

original and final solvent. Discrepancies in mass balances were 
attributed to loss on the surfaces of preparation containers, as 
well as possible solvent retention. Due to the lag-time associated 
with growing an appropriate mass of algae, students initially 
used other oil-rich biomaterial sources such as cashews and 
citrus peel to test extraction methods. This provided the students 
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Figure 4. The extraction apparatus consists of a Soxhlet 
extractor fitted with a 500 ml round bottom flask and a 

Graham condenser. The sample cylinder was placed into 
the extractor and n-hexane was refluxed in the apparatus 
to extract the triacylglycerols from the biological matrix.

with an experimental means to examine the practical differ-
ences between processes that are rate-limited vs. those that are 
equilibrium-limited, a concept that is prevalent in the chemical 
engineering curriculum, but often difficult to demonstrate in a 
non-trivial manner.
Transesterification Reaction

The transesterification of extracted lipids into biodiesel 
was carried out by a third student group. An acid-catalyzed 
(H2SO4) transesterification of lipids and methanol was used. 

The reaction was carried out in a 500 mL, 
three-neck, round-bottom flask (Figure 5). 
The center neck was fitted with a Graham con-
denser to prevent methanol vaporization. The 
two side necks were fitted with a septum and 
thermometer for temperature measurements, 
and with a septum for withdrawing liquid 
samples via syringe. Upon sampling, the reac-
tion was quenched by contacting the sample 
with a saturated solution of aqueous sodium 
bicarbonate. After separation of the aqueous 
and organic layers, nuclear magnetic resonance 
(NMR) spectroscopy was used to assess reac-
tor products and reaction yield through com-
parison of the relative amounts of methyl esters 
and acylglycerols.[13] Independent parameters 
investigated by the students included heating 
duty, ratio of lipid to methanol (prior to initiat-
ing the reaction), and reaction time. As with 
the lipid extraction team, due to the lag-time 
associated with growing an appropriate mass 

of algae, students initially used an alternative lipid source 
(canola oil) to test different reaction parameters.

RESULTS AND DISCUSSION
In this course students carried out all of the major research 

tasks that are found in a graduate thesis, from literature 
surveys to experimental planning and execution to report 
writing and presentation. We believe that requiring students 
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Figure 3. The calibration curve of millions of algae cells as a function of 
absorbance at 680 nm reveals a non-linear absorbance profile.
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to walk through these steps, during their 
initial semester(s) in graduate school, has 
given them a jump start in understanding the 
research process and being prepared to con-
duct graduate thesis research. Although the 
literature review, report writing, and presen-
tation skills can be covered in core graduate 
courses, the integration of these skills with 
experimental planning and laboratory practice 
is not typically presented in these core classes. 
Hence, this course provided an opportunity 
to present an integrated overview of graduate 
research.

The study of biodiesel production from 
algae is a current hot topic in chemical engi-
neering research. This topic provided a means 
to stress the interdisciplinary nature of many 
chemical engineering research positions. In 
addition to preparing students for graduate 
thesis research, we believe that this is a topic 
that will be of interest to related industries 
when students begin to seek job opportunities. 
It should be noted that while this course fo-
cuses largely on bioreactors and bioproducts, the six students 
in this program all had a traditional chemical engineering 
undergraduate background. Of the six students, one continued 
to pursue a thesis in the biomedical device area. The student 
workload and tasks varied throughout this course. Early in 
the semester, students spent most of their time developing 
the research plan. During this period, we believe that teams 
devoted an average of three to six hours per week for this 
course, outside of classroom time. Later in the semester there 
was a much higher need for laboratory time. Classroom time 
was decreased to 1 hour per week, while laboratory time 
required between 5 to 10 hours per week. Additional time 
was also required during this period for teams to write their 
research reports, making the workload during the latter half 
of the semester substantial. We believe this workload was a 
reasonable expectation, however, as most students were en-
rolled in only one or two other graduate courses at the time 
and had not begun their thesis research.

Of the six students who were enrolled in this class, two 
were assigned a final grade of A, three were assigned a final 
grade of B, and one was assigned a final grade of C. In gen-
eral, there were wide variations in the quality of presentation 
skills, possibly due to English being a second language for 
some of the students, with less variation in the quality of final 
reports. While team scores were assigned for the three written 
reports, individual scores were assigned for the weekly and 
final presentations. Hence, the majority of a student’s grade 
in the class was assigned equally for the team, but enough of 

an individual score was also assigned to allow differentiation 
between students within a team. Hence, a student could fail a 
course such as this, but to do so would require a combination 
of poor individual and team performance (which could eas-
ily occur if, for example, a student had poor attendance and 
participation in team experiments and meetings). Similarly, 
for a student to receive a high score in this class requires a 
combination of excellent team and individual performance. It 
should be noted that there was a fair amount of variation in the 
team dedication to achieving quality, and reproducible, results. 
Some teams were very concerned with achieving reproducible 
results and performed many runs of experiments, while others 
felt that this was less important.
An additional benefit of this course was that students en-

countered numerous obstacles that are representative of real 
graduate research. For example, discovering that autoclaving 
(sterilizing) algae cell culture medium and growth vessels will 
prevent mold growth was a valuable lesson and served as an 
introduction in good laboratory practice (GLP), a necessary 
training component in pharmaceutical and biomedical product 
industries. A second example came as students encountered 
the need to quantify the ratio of live-to-dead algae cells, 
which required them to research and develop a protocol for 
live-dead staining.

In retrospect, this type of interdisciplinary research course 
will proceed much more smoothly if carried out in the prox-
imity of quality cell biology and analytical chemistry labora-
tories. Many specialized pieces of equipment were required 
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Figure 6. Algae growth curves (batch 6, bottles A and B) display charac-
teristic lag, exponential growth, and decay regions. A 4th-order sigmoidal 

curve is fit for demonstration purposes only.
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Figure 7. The research “hot topic” for this course may easily be 
altered by following these steps.

for this course, and these are not always found in the same 
location (autoclave, biological safety cabinet, chemical fume 
hood, phase-contrast microscope, absorbance spectrometer, 
NMR). We suggest coordinating development of a course 
of this nature with lab managers of respective cell biology 
and analytical laboratories to ensure that all of the necessary 
equipment is available.
It should be noted that 500 mL of algae cell solution typi-

cally contains only 1-2 grams of dry algae. This small mass of 
algae, combined with the inherent error in mass measurements 
and mass losses during processing, leads to a large uncertainty 
in closing the mass balance. Hence, in future course offer-
ings, we recommend increasing the volume of algae grown 
by at least 10-fold, in order to attain an appropriate amount of 
algae for use in the extraction process. Whether this volume 
increase is achieved by multiple parallel reactors, or through 
one large-volume bioreactor, will be left up to future students 
to determine.

The design and execution of the algae bioreactor was highly 
successful, both for the growth of algae and as a learning tool. 
The student team proposed a bioreactor design after 
studying pertinent literature and previous bioreactor de-
signs (Figure 1). Students then progressed through sev-
eral revisions of this design (with instructor feedback), 
before they were approved to construct the bioreactor 
design (Figure 2). Students performed initial cell counts 
using a hemacytometer and subsequently established 
an absorbance method to relate cell concentration to 
absorbance at 680 nm (Figure 3). Once the experimental 
protocol was sufficiently developed, algae growth was 
seen to follow the lag, exponential growth, and decay 
phases typical of cell growth kinetics (Figure 6).

Objective assessment of laboratory courses is a grow-
ing concern for many engineering programs, especially 
at the graduate level, where assessment is often based 
on general perceptions of student competency, com-
mitment, and communication skills that are difficult 
to quantify. Hence, we plan to develop and implement 
more objective, quantifiable learning outcomes in future 
course offerings. Feisel and Rosa provide an in-depth 
discussion of engineering laboratory assessment and 
list 13 general learning objectives relevant to under-
graduate engineering laboratory courses.[14] We plan to 
incorporate evaluation of some of these objectives into 
future offerings of this course. Objectives 3-6 (experi-
ment, data analysis, design, and learning from failure) 
are specifically relevant to the tasks performed in this 
course. In addition, Objective 7 (creativity) was exer-
cised in several areas, along with aspects of design, as 
students were asked to propose and design portions of 
the equipment needed in this course. Finally, Objective 

11 (teamwork) was assessed indirectly through the planning 
and execution of experiments and through written and oral 
presentations, but it may be beneficial to implement a more 
direct method for team assessment, as teamwork can be a criti-
cal component of graduate research. We also plan to develop 
learning objectives that can be used to effectively assess the 
taxonomical skills required of graduate engineering students 
(analysis, synthesis, evaluation). In general, we believe that 
students found this course useful for providing an overview of 
the graduate research process. The instructors for this course 
served as thesis advisors for three of the six students enrolled 
in the course, and also believe that the course was beneficial 
in providing an overview of the research process, and addi-
tionally beneficial in introducing a variety of research tools 
to students prior to beginning their thesis research (methods 
for performing the literature search, citation databases, how 
to write a standard operating procedure, etc.).

Finally, we believe that this course offers a framework that 
may be easily extended to similar research “hot topics.” Figure 7 
outlines the steps involved in selecting an appropriate topic, 

Select Course Topic
• Current interest
• Student appeal
• Industry (job) potential
• Focus of the department or graduate program

Determine Process Complexity
• Identify unit operations
• One student team per unit operation
• Identify number of students registered or course
• Select only a segment of the process, if needed

Determine Equipment Needs
• Equipment for each unit operation
• Identify current equipment
• Can substituting equipment be used?
• Calculate the budget needed for remaining equipment 

and supplies

Find Faculty Expertise
• Do faculty members within the department have 

expertise in this topic?
• Can “outside experts” be identified?
• Can industry collaborators be identified?

R
e-

ev
al

ua
te

 T
op

ic

Graduate Education



Chemical Engineering Education256

working through some of the logistics of determining the 
complexity of a potential topic, identifying appropriate faculty 
expertise, and identifying the equipment needed to teach the 
course. The course could focus on experimental design, using 
pre-configured equipment, or could incorporate some aspect 
of equipment design as well, as this course did in the design 
of the algae bioreactor. While course expenses are a concern 
for many programs, it should be remembered that the funda-
mental steps of many potential processes require relatively 
basic equipment to perform at a laboratory scale.

CONCLUSIONS
We have developed a graduate elective emphasizing re-

search methodology and laboratory practice, centered on the 
theme of producing biodiesel from algae. Six M.S. chemical 
engineering students were enrolled in this course, split into 
teams of two students each. In its first implementation, this 
course has been highly successful, providing the opportunity 
for students to perform each of the steps contained in a tradi-
tional thesis research topic. Student teams successfully devel-
oped equipment and experimental methods for algae growth, 
lipid extraction, and lipid transesterification to biodiesel. Stu-
dents received feedback on numerous aspects of this course, 
intended to increase their proficiency at basic skills in graduate 
research: literature review, experimental planning, laboratory 
protocols, technical writing, and oral presentations. Students 
were enthusiastic about this work, and achieved a high level 
of progress within the limited timeframe of a single semester. 
Biodiesel production proved to be an excellent research area 
for this course, although this course structure could easily be 
adapted to alternative research areas as well.

FUTURE WORK
We plan to offer graduate electives with similar course 

structuring in future years. While the specific research topic 
may change, we hope to improve on several areas of the course 
in future offerings. First, this course could be improved with 
additional course advisors in areas of specialization relating 
to the research topic. In planning this algae biodiesel course, 
Dr. Timothy D. Sherman (Biological Sciences, University of 
South Alabama) offered invaluable advice as to the growth 
of algae and design of algae bioreactors. A method to more 
formally (administratively) incorporate and compensate 
additional course advisors would be beneficial in planning 
future courses. Second, as mentioned above, courses of this 

nature will benefit from being in close proximity to core 
service laboratories, in this case cell biology and analytical 
chemistry. If available, interaction of core managers with 
graduate students will be an additional aspect of graduate 
research training.
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