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Abstract

Compared to aerobic catabolism, the theories and experiments of anaerobic
catabolism are not covered in depth in biochemistry education curricula.
Anaerobic digestion (AD) is a feasible method for converting common organic
compounds to renewable energy-methane that has drawn a great deal of atten-
tion in practical applications. In this study, we designed an AD laboratory
experiment for use in undergraduate biochemistry courses to supplement the
knowledge of metabolic networks in biochemistry and extend the information
presented in biochemistry textbooks. In this laboratory experiment, students
explored the methane production performance of wheat straw (WS; a repre-
sentative and commonly available agricultural waste) and mastered a reason-
able method for utilizing this new biochemical reaction to convert organic
wastes from renewable resources to methane. Basic experimental procedures,
such as a biochemical methane potential (BMP) assay, data analysis, and
graphic presentations were organized to provide students with abundant
hands-on experience. Furthermore, calculations of significant parameters,
such as total solids (TS), volatile solids (VS), experimental methane yield
(EMY), maximum theoretical methane production (MMP), and biodegradabil-
ity (Bp), were also performed. From this AD experiment, students learn not
only a new series of biochemical reactions but also a novel strategy to achieve
cleaner methane production from organic wastes, exhibiting a positive impact
for students’ learning in biochemistry courses.

KEYWORDS

anaerobic digestion, biochemistry, hands-on learning/manipulatives, laboratory experiment

1 | INTRODUCTION

In biochemistry courses, aerobic catabolism is the key
teaching point to help students understanding the bio-

Abbreviations: AD, anaerobic digestion; By, biodegradability; BMP,
biochemical methane potential; CMY, cumulative methane yield; DMY,
daily methane yield; EMP, Embden-Meyerhof-Parnas; EMY,
experimental methane yield; GC, gas chromatography; MMP, maximum
theoretical methane production; S/1, substrate/inoculum; TS, total
solids; VS, volatile solids; WS, wheat straw.

chemical reaction by which organisms utilize nutrients to
acquire energy. Therefore, many laboratory experiments
assessing aerobic catabolism have been added to biochem-
istry courses.*™* However, compared to aerobic catabo-
lism, the theories and laboratory experiments associated

Biochem Mol Biol Educ. 2020;1-7. wileyonlinelibrary.com/journal/bmb
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with anaerobic catabolism are rarely presented in these
courses.

As shown in Figure 1, the hub of aerobic catabolism
consists of the Embden-Meyerhof-Parnas (EMP) pathway,
tricarboxylic acid cycle (TCA), and respiratory chain, com-
prising the most important aerobic catabolism pathway in
which many nutrients, such as glucose, lipids, and proteins,
are degraded to produce ATP. Pyruvate obtained from the
EMP is also converted to lactic acid or ethanol under anaer-
obic conditions, which is the representative biochemical
reaction for anaerobic catabolism in biochemistry text-
books. However, due to the unequal distribution of time
spent on aerobic catabolism and anaerobic catabolism, stu-
dents typically ignore the study of anaerobic catabolism.

Anaerobic digestion (AD) is the biochemical oxida-
tion of organic compounds by the action of specific
microorganisms in the absence of atmospheric oxygen,
which converts organic compounds into biogas (primarily
methane and carbon dioxide).” The total biochemical
reaction for AD is expressed in Equation (1)°;

n n b 3c
= (5+§727§)CH4+ (5—§+ res §)COﬁ»cNH;
(1)
where n, a, b, and ¢ stand for the number of C, H, O, and

N atoms, respectively, in the molecular formula of the
substrate used in AD.

The AD process, which was proposed by M. P. Bryant
in 1978, primarily comprises three stages, hydrolysis,
acidogenesis, and methanogenesis, as shown in Figure 1.
After hydrolysis from biomacromolecules, monomeric
molecules are converted to CO,, H,, and acetic acid by
different types of bacteria. CO, is also fixed as acetic acid
through the anaerobic acetyl-CoA pathway.® Finally,
methanogens produce CO,, methane, and ATP from
acetic acid, CO,, and H, through methanogenesis along
with many important coenzymes, such as methanofuran,
methanopterin, and coenzyme M.?

In the past 20 years, more and more countries have
focused on the industrial applications of the AD technique
and constructed hundreds of AD treatment facilities to
degrade organic matter, such as municipal, agricultural,
and industrial wastes.” Meanwhile, many studies focused
on methane production from different substrates,’®!" meth-
ane production enhancement,'>'* and reactor design”']s in
AD have made great progress. The rapid development of
AD technology has facilitated the utilization of renewable
resources and promoted the optimization of energy struc-
tures. Although AD is a widely used technology, laboratory
experiments designed to assess AD are currently missing
from biochemistry course curricula, hindering the ability of
students to establish a better understanding of biochemical
metabolic pathways and an awareness of using renewable
energy. Thus, there is an urgent need to involve this labora-
tory experiment in biochemistry courses.

The AD process presented in this laboratory experiment
used biochemical methane potential (BMP) test, which was
acceptable in the practical teaching of a university course,
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M 1
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based on its easy operation and cost effectiveness. The stu-
dents accomplished the AD cycle through group coopera-
tion. Their task was to measure the experimental methane
yield (EMY) and biodegradability (Bp) as the final results,
and they analyzed the methane production performance by
constructing curves of the daily methane yield (DMY) and
the cumulative methane yield (CMY).

In general, the AD experiment for determining the
methane production performance of organic waste was
well established. By completing the prelab exercises for
the AD experiment, students obtained insights into a new
series of biochemical reactions and a technique used to
convert organic compounds to a source of clean energy-
methane, which had great importance in society and the
environment. Through this integrated experiment, stu-
dents tended to accumulate hands-on experience and cul-
tivated the ability to transform theoretical knowledge to
the industrial application. Moreover, it was crucial to
encourage students to present their creative ideas for
developing this laboratory experiment, allowing them to
obtain a deeper understanding of AD technology. The
assessment of methane production by AD is suitable to
perform as a laboratory experiment in biochemistry
courses for undergraduates with Biology, Biological Engi-
neering, Biochemical Engineering, Chemistry, Chemical
Engineering, and Environmental Engineering majors.

2 | EXPERIMENTAL SECTION

2.1 | Materials and equipment

The substrate of this AD experiment was wheat straw
(WS), a representative high production-level and general
agricultural waste. The WS was purchased from
Degingyuan Company, Beijing, China, and stored at
room temperature. The fresh sludge used as inoculum
was obtained from Donghuashan Biogas Station, Beijing,
China. Essential equipment, including a biochemical
incubator, organic elemental analyzer, gas chromatogra-
phy (GC), pressure gauge, oven, muffle furnace, analyti-
cal balance, and nitrogen tank, were used to evaluate the
properties and assess the utilization of WS for methane
production. Other materials, such as 500 ml glass bottle,
rubber stopper, beaker, droppers, crucibles, desiccators,
syringe, and deionized water were also used in this exper-
iment, which were organized by the teacher in advance.

2.2 | Preparation before AD

Before the experiment, each student previewed the basic
principle, detailed procedures, and calculation methods

for the AD experiment (see the Appendix S1). In addi-
tion, the students also completed the prelab exercises and
gave their answers to the teacher. The WS was cut to a
length of 1-2 cm using scissors. Considering the curricu-
lum time, the elemental composition (C, H, O, and N) of
WS was determined by the teacher. Using a previously
reported method,'®™'” the total solids (TS) and volatile
solids (VS) of the WS and sludge, respectively, were ana-
lyzed by students before AD was conducted. The detailed
measurements and calculation methods are presented in
the Appendix S1.

2.3 | Anaerobic digestion

A 500-ml glass bottle was used as the anaerobic digester
for this experiment, with a WS loading of 6 gys/L and a
substrate/inoculum (S/I) ratio of 1:1 (on a VS basis). An
image of the AD reactor is shown in Figure 2a. Students
calculated and weighed the amounts of WS and sludge
for each digester and then added the components to the
digester. Subsequently, each digester was filled with
deionized water to a working volume of 250 ml using
beaker and dropper. Each digester was treated with nitro-
gen from a nitrogen tank for 1 min to remove air and
construct an anaerobic environment, after which each
digester was immediately sealed with a rubber stopper. A
blank group was established by placing 6 gys/L of sludge
in another digester and performing the same operation as
the experimental group to eliminate the interference of
methane production from sludge. Finally, the digesters
for all student groups were placed in biochemical incuba-
tor and cultured at a constant temperature of 37°C.

(b)

FIGURE 2 Diagram of anaerobic digestion reactor (a) and

venting device (b). 1—Glass bottle; 2—Substrate and inoculum;

3—Bottle cap; 4—Rubber stopper [Color figure can be viewed at
wileyonlinelibrary.com]
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2.4 | Analytical methods

Each student in the group independently performed the
complete digestion cycle with one experimental digester
and one blank digester. After starting the AD for 24 hr, stu-
dents determined the initial pressure and gas composition
(primarily CO, and CH,) of headspace in each digester
using a pressure gauge and GC, respectively. Then, the bio-
gas generated in the digester was released by venting device
(as shown in Figure 2b), which contained water to prevent
gas exchange between atmosphere and digester. Finally,
students measured the final pressure of headspace in each
digester, and all the digesters were shaken for 1 min to
assure the AD efficiency.'® All the measurements in this
section were performed once a day until the methane pro-
duction for 1 day was less than 1 mL."

The procedures of the AD laboratory experiment are
briefly summarized as Figure 3. When all data were
recorded, students calculated the maximum theoretical
methane production (MMP), DMY, and biodegradability
(Bp) according to Equations (2-6),1*?° while simulta-
neously generating curves for DMY and CMY using Ori-
gin2016 (OriginLab, USA).

22.4x1 000(2+£_é_£)
MMP (mlg, ') = i 2T 48
(mlgys™) 12n+a+ 16b+ 14c

where n, a, b, and ¢ stand for the atom number of C,
H, O, and N, respectively, contained in the molecular for-
mula of substrate in AD.

Vbx‘ogas = (PI —P3) X Vjpeaq X C/(R X T) (3)

J

STEP 4 GC test STEP S Gas release

where Vpiogas represents daily biogas volume (L), P;
stands for the initial pressure in headspace every day
before biogas release (kPa), P, refers to the final pressure
in headspace every day after biogas release (kPa), Vieqd
denotes the volume of the headspace (L), C refers to the
molar volume of gas under the standard condition
(224 L/mol), R is the ideal gas constant
(8.314 T K~' mol™"), T represents the absolute tempera-
ture (K).

D =Vpiogas X W 1,000/ M (4)

where D refers to the DMY (ml/gys), Viiogas denotes
the daily biogas volume (L), w is the methane volume
fraction in the biogas on that day (vol/vol, %),
M represents the amounts of substrate in AD
(VS basis, gys).

C,=D;+Ds+..... +D, (5)

where C, refers to the CMY in the n day (ml/gys), D, rep-
resents the DMY in the n day (ml/gys), n is the digestion
times.

Bp = EMY /MMP % 100% (6)

where EMY is the highest CMY obtained from the AD
experiment (ml/gys).

Finally, each student completed the experimental
report for this experiment. The measurements and cal-
culation methods are also elaborated in the Appen-
dix S1.

FIGURE 3 Flow diagram of
anaerobic digestion laboratory
experiment [Color figure can be viewed
at wileyonlinelibrary.com]

STEP 6 Data analysis
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3 | RESULTS AND DISCUSSION

The laboratory experiment described in this report was
already an optional section in the undergraduate bio-
chemistry courses in Beijing University of Chemical
Technology (BUCT) and could be performed in under-
graduate biochemistry courses for students with Biology,
Biological Engineering, Biochemical Engineering, Chem-
istry, Chemical Engineering, and Environmental Engi-
neering majors. In this laboratory experiment, each
student should be responsible for one experimental
digester and one blank digester, and the students in the
same group share all parallel data. The final results are
expressed as the mean values and standard deviations.
The number of parallel groups should be consistent with
the number of students in each group to ensure the con-
tribution of individual students to this laboratory experi-
ment. Prior to performing this experiment, students
should determine the TS and VS of WS and sludge,
respectively, based on the standard procedures described
in Appendix S1 (the elemental composition of WS was
analyzed by the teacher in advance). Subsequently, stu-
dents cut WS with scissors and calculated the amounts of

TABLE I Characteristics of wheat straw (WS) and inoculum
Parameter WS Inoculum
TS (%)* 94.83 + 0.06 11.87 + 0.02
VS (%) 85.36 + 0.28 6.02 +0.11
VS/TS (%) 90.01 + 0.31 50.72 + 0.07
C(%)° 37.93 + 0.27 NA
H (%) 5.16 + 0.02 NA
0 (%) 44.11 + 1.09 NA
N (%)° 0.82 + 0.04 NA

Abbreviations: NA, not analyzed; TS, total solids; VS, volatile solids.
"Measured as a percentage of the total weight of the sample.
"Measured as a percentage of TS of the sample.

o) e oo WILEY. 5

WS and sludge used in this experiment. The process stu-
dents used to prepare for the AD experiment required
approximately 1 hr, and the inoculation of the substrate
and inoculum into the anaerobic digester required
approximately 15 min. Furthermore, approximately
10 min was required to measure gas every day until the
AD finished.

Through the prelab exercise, students preliminarily
learned the methods for calculating a number of parame-
ters (see the Appendix S1). During AD, the students in
the same group discussed experimental details with each
other to decrease the deviation in AD experiment as
much as possible, allowing students to develop their pre-
sentation skills with others and obtain a better under-
standing of the AD experiment.

The characteristics of the WS and inoculum are
shown in Table L. The TS of WS was 94.83%, suggesting a
low moisture content in the WS. In addition, the VS/TS
value was 85.36%, indicating that the WS was rich in
organic matter, which was preferred for AD. According
to the elemental composition of the WS, its molecular
formula was determined as Cs397Hgg1004707N, and then
the MMP of WS was calculated to be 385.4 ml/gys. At the
end of this experiment, each student generated two cur-
ves with error bars using Origin2016 (OriginLab, USA)
and presented them in their experimental reports. As
shown in Figure 4a, the DMY curve initially increased
and then decreased as the digestion time increased. The
peak value of DMY was 13.0 ml/gys, which appeared at
approximately day 6. The CMY curve continuously
increased until reaching a stable value. EMY, as the
highest CMY obtained from experiment, was
187.0 ml/gys, as shown in Figure 4b. Bp was an impor-
tant parameter used to indicate the conversion efficiency
of WS in the AD experiment. In this experiment, the By,
of WS was 48.5%, similar to the values reported in the lit-
erature’’** (ranging from 48-51%). Thus, a By, value of
48% was used as an important criterion to evaluate
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whether the students successfully performed the AD
experiment in this laboratory experiment.

The AD substrate used in this laboratory experiment
is not unique. WS is a type of lignocellulosic waste that is
primarily composed of cellulose, hemicellulose, and lig-
nin. Except for lignocellulosic wastes, other organic
sources or natural compounds, such as sewage sludge,
food waste, animal manure, lipids, and proteins can also
be selected as an AD substrate for this laboratory experi-
ment, which is beneficial in helping students to fully
comprehend that AD can achieve the degradation of vari-
ous organic matters and it is a common biochemical reac-
tion in nature. In addition, regardless of which substrate
is selected, the teacher must carry out the BMP test
before class to determine the digestion features, such as
Bp, EMY, DMY, and CMY of the substrate in advance.

4 | STUDENTS FEEDBACK
After finishing the BMP assay, students need to complete
the experimental report to analyze the data they obtained
from the experiment. A potential problem that appeared in
students’ experiments was that there might be differences
in methane production data between different groups. In
addition, the EMY value obtained by some students might
not be very high. Based on the students’ deviation analysis
written in the experimental reports, two primary reasons
for these possible problems were observed. First, some stu-
dents did not treat the samples in the AD digester with
nitrogen from the nitrogen tank for a sufficient time,
resulting in an incomplete anaerobic environment. This
mistake could remind students to understand that anaero-
bic catabolism involves different metabolic pathways and
products compared to aerobic catabolism. Second, when
some students determined the TS and VS values of WS and
sludge, the samples obtained after ignition were not stored
in desiccators and were exposed in air, resulting in the
absorption of water vapor by the samples and increased TS
and VS values. Inaccurate TS and VS values influenced the
accuracy of the CMY and DMY. By analyzing the error in
this experiment, students recalled the entire procedures
again, which not only deepened their understanding of the
AD experiment but also cultivated a conscientious attitude
for scientific research and the habit of critical thinking.
Students were also encouraged to write an “Innova-
tion and Development” section, which primarily
described issues such as a method to enhance methane
production of the substrate, a scheme to improve this lab-
oratory experiment, etc., as an addendum to their experi-
mental reports. This additional report achieved a good
effect among students. Through researching the scientific
literature, some students learned about the methods used

to enhance AD performance, such as pretreatment of the
substrate (physical, chemical, and biological methods),
co-digestion, and appropriately increasing the digestion
temperature. Furthermore, students also mastered some
other AD technologies, such as high solid, continuous,
hemi-continuous AD, etc. In addition, some students pro-
posed suggestions for this laboratory experiment, such as
methods for reducing the deviation and comparing the
AD performance of different organic wastes in the experi-
ment. Some students designed an AD experiment in the
“Innovation and Development” section and intended to
conduct another experiment by themselves. Some stu-
dents even wanted to explore the specific mechanism of
the chemical reaction in AD. It was apparent that this
additional report not only strengthened students' abilities
to review the scientific literature but also increased their
interest in learning and performing scientific research to
study anaerobic catabolism in biochemistry.

In the 2016 school year, we firstly introduce this vol-
untary laboratory experiment in undergraduate biochem-
istry courses at BUCT. Through this laboratory exercise,
the students presented high enthusiasm for learning
anaerobic metabolism. In the final Biochemistry Exami-
nation, we improved the score of anaerobic metabolism
related questions, from 2 scores in the 2015 school year
to 12 scores in the 2018 school year. Interestingly, we
observed that the scoring rate of students in anaerobic
metabolism related questions showed a progressive
increase every year, increasing from 72.9% in the 2015
school year to 88.6% in the 2018 school year. This phe-
nomenon preliminarily indicated that the AD experiment
strengthened students’ understanding and memory of
anaerobic metabolism knowledge.

5 | CONCLUSIONS

AD, as an extensive anaerobic chemical reaction in nature,
has proven to be a promising technique for the practical
application of converting different organic compounds and
has been designed as a laboratory experiment in biochemis-
try courses for undergraduate students with majors in Biol-
ogy, Biological Engineering, Biochemical Engineering,
Chemistry, Chemical Engineering, and Environmental
Engineering. Based on students’ results, they learned a new
idea and method for converting organic compounds to
methane, which not only improved their ability to perform
experiments but also allowed them to master a new series
of biochemical reactions involved in biochemical metabolic
network. According to the error analysis and “Innovation
and Development” reports, students were able to summa-
rize and discuss the harvest obtained from this AD labora-
tory experiment well. Thus, this laboratory experiment not
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only improved upon biochemistry textbooks but also filled
the gaps in the knowledge structure of metabolic networks.
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