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Abstract

The concentration of CO2 in our Earth's atmosphere is increasing in part due to the large-scale
use of fossil fuels as an energy source. This study reports on an undergraduate laboratory in
Chemical Engineering where students are tasked with similarly dosing a sealable 7-gallon
terrarium with CO2 and measuring the resultant increase in the CO2 ppm levels. An ESP32
microcontroller and a Sensirion SCD30 are used to track the CO2 concentration over time for
varying light levels (low, medium, and high). An Android or Apple app can read, collect, export,
and plot the history of the CO2 via Bluetooth where the students subsequently analyze the
transient CO2 response to determine the rate of CO2 uptake by the terrarium plants given the rate
of CO2 production by the soil bacteria and the diffusion rate of CO2 from the terrarium. As part
of the assignment, the students are also asked to reflect on the similarities between the terrarium
and the earth's atmosphere. This multifaceted project not only emphasizes fundamental chemical
engineering principles but also explores the broader context of environmental sustainability and
climate change. This activity is part of a recent curriculum change in the chemical engineering
department with a greater emphasis on a larger quantity of focused laboratory activities in place
of fewer and longer unit operation experiments. Preliminary results from that curriculum change
and its effectiveness will also be summarized relative to the terrarium laboratory activity.

1. Introduction

The concentration of carbon dioxide in the Earth’s atmosphere has been increasing [1] in part
due to large-scale combustion of fossil fuels for energy. That CO2 consequential increase is
correlated to multiple environmental outcomes [2,3]. It is generally accepted and very likely that
many large-scale environmental consequences are not just correlated with but caused by an
increase in atmospheric CO2 levels [4,5]. As such, students were asked to explore the
relationship between CO2 and a simplified environment in an undergraduate chemical
engineering laboratory class focused on chemical reactions. One of the statements proposed to
the students was: “Increasing concentrations of CO2 in the atmosphere are negatively impacting
the environment” where 36% strongly agreed, 53% were neutral, and 11% strongly disagreed. 61
students responded and although this is a minority of the enrolled students in chemical
engineering at Brigham Young University, it does indicate that the relationship between energy,
the atmosphere, and Earth’s environment, could be better understood as there is strong evidence
that anthropogenic sources of CO2 is negatively impacting the environment [6]. In hopes of
helping students better understand those relationships, a laboratory activity was introduced to the
curriculum treating the interplay between living plants, organisms in the soil, and carbon dioxide



in a 7-gallon terrarium. The laboratory activity is described here as well as associated student
outcomes. A small terrarium doesn’t represent the many complexities of the global environment,
yet there are valuable chemical and environmental learning opportunities such as interacting with
a dynamic, living system, the rate of uptake of carbon dioxide through photosynthesis, the effects
of light intensity on that rate, adsorption of CO2 in water, production of carbon dioxide by the
microbes in the soil, diffusion from an open port, and the effect of introducing carbon dioxide
from an exterior source.

A terrarium is typically a glass enclosure with a layer of water and larger rocks beneath a layer of
charcoal as an absorbent, with another layer of soil on top. The fraction of each may vary but
will typically fill nearly half of the terrarium’s volume altogether [7]. Appropriate plants such as
ferns or broad-leaf types are added. It can be sealed or unsealed. The microbes in the soil can
produce a significant amount of carbon dioxide (from breaking down the carbonaceous material)
and if not controlled can lead to toxic levels of CO2 above about 7000 ppm [8]. The microbes
must be introduced, but are already present in most soils. In the terrariums highlighted herein,
additional microbes were not added to those found in readily sourced potting soils.

This quantitative terrarium lab activity is the newest part of one of the four half-credit laboratory
classes that are designed to give more hands-on experiences to reinforce fundamental principles
of the chemical engineering curriculum classes: process principles and fluids, chemical reaction
engineering and material science, thermodynamics and heat and mass transfer, and separations
and process control. The credit hour requirements for the major were not increased with this
introduction as a second semester of unit operations (2 credit hours) was exchanged for the 4
fundamental lab classes. Each of the 0.5 credit lab classes have between 8 and 13 weekly
laboratory activities. The terrarium lab is one of the activities in the chemical reaction
engineering lab (Ch En 345) and is designed to last one class period. Quantitative terrarium
laboratory activities in the literature are scant but qualitative activities with terrariums have been
used for a freshman climate control activity for wireless sensing [9], monitoring humidity and
temperature of enclosed seeds [10], and teaching environmental awareness [11].

2. Terrarium Laboratory Description and Experimental Methods

The terrarium laboratory activity includes brief background information on the atmospheric
composition of the earth, radiation energy from the sun, and the CO2 and O2 cycles. It also
includes details of the first attempt at making a terrarium where after planting the plants the
terrarium was sealed with the CO2 measurement system in place. The concentration of CO2
inside the terrarium quickly rose to over 40,000 ppm (the detection limit of the Sensirion SCD30
NDIR sensor) and the plants died within a month. The replanted terrarium together with plots of
the changing CO2 concentration are given to students with different levels of light for an
unsealed terrarium (shown in Figure 1 and 2).

The terrarium was made for less than $200 with the largest expense from the Sensirion SCD30
NDIR CO2, humidity, and temperature sensor. Instead of using activated charcoal, natural
hardwood lump charcoal from the hardware store was crushed and used. Common potting soil
together with washed rock and perlite was also used inside the approximately 7 gallon glass



carboy. A fern (green spleenwort) and a small arrowhead plant were forced through the small
opening of the carboy and planted. The SCD30 sensor was wired to an ESP32 microcontroller
where code from Sensirion was uploaded to work with the Sensirion phone application
“MyAmbience” through Bluetooth. The hardware used to dose the terrarium with CO2 is shown
in Figure 1 and includes several valves and a calibrated 2.5 milliliter tube volume. The syringe
with 5mL of air is used as a chaser to clear all of the CO2 into the terrarium during the dosage
activity.

Students are given an assignment of two parts: (1) injecting the sealed terrarium with a known
amount of CO2 to determine the internal gas volume and (2) estimating the reaction rate constant
for the uptake of CO2 by the plants in the terrarium. The first activity is a good review using
material balance principles and the second treats Kinetics.

Figure 1: Image of the terrarium showing the rocks with water at the bottom, soil with charcoal, and
plants (left). Also shown is a second image with the SCD30 NDIR device and the valved 2.5 cm? tube
where CO2 can be filled then released with help of the syringe into the terrarium (right). Although
pictured here as a sealed terrarium for dosing the CO2, the terrarium is usually left open.

2.1 Determining the Internal Gas Volume

The internal gas volume of the terrarium is unknown; students are asked to first review detailed
video instructions and afterwards fill a small chamber (valved tube pictured in Figure 1) with
99% CO2 at 10 psig from a pressurized CO2 cylinder. In order to be dosed with CO2 the
terrarium is sealed with a stopper that is run through by a down tube and the sensor cable as
shown in Figure 1. Then the small 2.5 cm? pressurized tube is connected and the valves are
opened, chasing the residual CO2 into the terrarium volume with 5 cm? of air. The resultant
concentration increase of CO2 is documented over the next minute or two. The students can then
find the total gas volume inside the terrarium using the consequent change in CO2 concentration.



Throughout the semester-long (14-week) laboratory activities, all groups were able to quickly
obtain the MyAmbience app and readily link over Bluetooth with the sensor’s data. The app
provides an instantaneous reading of the temperature, CO2 concentration in ppm, and the relative
humidity. It also yields a data plot versus time for those three variables. That history of data can
be downloaded over the same Bluetooth connection to the phone’s memory and then exported.
Although the history of the CO2 concentration isn’t required to be recorded and downloaded by
the students, it easily could be. Instead, a previously recorded concentration profile with various
lighting or illuminance conditions is given for analysis as outlined in the next section. The profile
can then be fit to a model to estimate the CO2 uptake rate.

2.2 Determining the Reaction Rate Constant for CO2 Uptake

The uptake of CO2 by plants is dependent on multiple factors including plant species, plant size,
plant health, number of plants, CO2 concentration, and light intensity among other things.
Students are introduced to these variables as they are asked to estimate the uptake rate when
given a profile of the CO2 concentration with respect to time at varying light exposures. Data is
given to them as a csv file that can be downloaded from a GitHub repository [12]; a plot of that
data is shown in Figure 2.
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Figure 2: Plot of the CO2 concentration in ppm as a function of time with two significant areas of
decrease in CO2 concentration: during the daylight hours with an illuminance of around 220 lux and with
a lamp shining into the enclosure at a lux value of approximately 900 lux. In the other areas, the lux value
is low at approximately 30 lux.

Students are given the different light levels at each distinct area and the specific rate of diffusion
from the top of the open terrarium. The first area of decrease is during the daylight hours with an
illuminance of around 220 lux. The second region of decrease is with a lamp shining into the



enclosure with approximately 900 lux. In the other areas, the lux value is low at approximately
30 lux. During the entire duration of the experiment, the terrarium was open to the atmosphere
allowing CO2 to escape. There is loss of CO2 due to diffusion with an estimated rate of:

dc m
—COEII = kg (Coozppm — 400) Eq. 1

where kg is the diffusion coefficient from the top of the terrarium and 400 is the concentration of
CO2 in the surrounding atmosphere, Ccoz,ppm IS the concentration of CO2 inside the terrarium
and tis time. Kkq is approximately 7.41E-02 per hour. Students are given this relationship as well
as the approximate rate of production of CO2 from the microbes in the soil. With no plants in the
terrarium the rate of release of CO2 from the soil was measured over multiple days to be 340
ppm per hour.

Students are then asked to write out a transient mole balance of the CO2 inside the terrarium
from the uptake by the plants, generation by the microbes, and diffusion out through the top of
the terrarium. Absorption by the water in the bottom of the terrarium is assumed to be minimal.
A hint is given that the rate of uptake by the plants (rup) is assumed to be first order in the light
intensity and the CO2 concentration according to:

Tup = —kcoz " Ccozppm * L Eq. 2

where Kkcoz is the uptake parameter, and L is the light intensity in lux.
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Figure 3: Plot of the model fit of the data shown in Figure 2.



From the above equations and estimating the slopes at the different light conditions, students can
then solve for the plant uptake coefficient (kcoz) or use a fitting method with an ordinary
differential equation solver to determine kcoz.

ACcorppm
C(c)zzt'pp = G — kg (Ccozppm — 400) —kcoz " Coozppm * L Eq. 3

where G is the generation of CO2 by the microbes at 340 ppm per hour and kg is the above given
diffusion factor. Minimizing the sum of squared errors by varying kcoz with the differential
equation in Eqg. 3 yields good agreement with the data as shown in Figure 3. The determined
value of kcoz from that fit is 2.1E-4/(lux hr). At a CO2 concentration value of 400 ppm and an
illuminance of 1000 lux, the uptake by the plants in the terrarium is approximately 3.75E-5
moles per hour of carbon dioxide (13 L volume, 25 C and 85 kPa pressure). If the plant surface
area is roughly estimated at 0.1 square meters, the uptake is approximately 0.1 micromoles per
second per square meter which is close to but significantly smaller than that measured in
Reference [13] for forage cactus Mexican Elephant Ear cultivated outside.

3. Alternate Terrarium Laboratory Activity

Although not completed by a class of students yet, an alternate setup of a terrarium could include
controlling the concentration of carbon dioxide by varying the light illuminance. This would
integrate principles of process control into a lab that would highlight topics like the relationship
between CO2 producers and consumers with opportunities to highlight the difficulty of
controlling the level of CO2 in our Earth’s atmosphere as well as familiarize the students with
the dynamics of controlling the reaction environment.

As previously described, the setup for this activity amounted to less than $200, though designed
slightly differently. It incorporated a 1 gallon glass jar with a wooden lid, a 5V LED ring, double
sided mounting adhesive, and a breadboard. In this terrarium a tropical plant (croton mammy)
was planted. All other materials used were the same as those highlighted in the first terrarium
activity. The wire for both the LED and the Sensirion sensor were fed through a small hole
drilled in the wooden lid. The LED ring was connected to the lid using the mounting adhesive.
The circuit below shows the method in which the LED was run through the ESP32
microcontroller to alter the light depending on the CO2 reading.



Figure 4: Picture of a smaller terrarium (left), SCD30 with ESP32 microcontroller and light in the
terrarium lid (center), and an example wiring diagram (right).

An example of the code used to run the CO2 sensitive light model is shown below.

float lightfraction =0;

int scaled255LF=0;

// the number of the LED pin

const int ledPin = 18; // 18 corresponds to GPIO18
// setting PWM properties

const int freg = 5000;

const int ledChannel = 0;

87

const int resolution
void setup() {
// configure LED PWM functionalities
ledcSetup (ledChannel, freq, resolution);
// attach the channel to the GPIO to be controlled
ledcAttachPin (ledPin, ledChannel);
}
void loop () {
float result[3] = {0};
if (esp timer get time() - lastMmntTime >= startCheckingAfterUs) {
if (scd30.isAvailable()) {
scd30.getCarbonDioxideConcentration (result) ;
lightfraction = result[0]/4000; //fraction of CO2 measurement range
scaled255LF = 255 - int(lightfraction*255);
ledcWrite (ledChannel, scaled255LF);

}
gadgetBle.handleEvents () ;

delay(3);
}



The code starts by obtaining a value from the CO2 sensor. It then divides this value by 4000,
which is twice the desired CO2 parts per million (ppm) value. This resulting percentage of 4000
is then multiplied by 255. The output is a value between 1 and 255. This value is inversely
related to the desired brightness, with 255 corresponding to completely dim and 0 to maximum
brightness. By subtracting this result from 255, we get a value that represents brightness
inversely. If the CO2 ppm reading is less than 2000, the LED input will be greater than 255/2,
resulting in dimmer light. If the CO2 ppm reading is greater than 2000, the LED input will be
less than 255/2, resulting in brighter light.

4. Student Outcomes and Results

The terrarium lab activity was introduced in the Fall semester of 2023 at Brigham Young
University for one of the exercises in the half credit hour class focused on chemical reactions
engineering and material science. Students in groups of three were given one laboratory period
(50 min) and then a week outside of class to complete the assignment. Twenty-five groups
completed the activity. Student groups reported on average a 330-ppm change in the CO2
concentration upon injection of CO2 into the sealed terrarium. Based on the ppm change, they
reported the gas volume of the terrarium to be 13 liters on average. Some students struggled to
determine the gas volume and thus did not complete the second part of the activity (CO2 uptake
estimate) in the time constraint. Of those that did, 28% arrived at an answer that was within 20%
of the correct value given the model and data. Some students were challenged with the mass
balance between the initial pressurized and final atmospheric conditions in determining the gas
volume. Most were challenged with the transient mass balance with reaction and diffusion.

In the same lab assignment, students were asked to reflect with the following prompt questions:
“How does this relate to our atmosphere? Or, how has this made you think about our
atmosphere?” Table 1 summarizes a categorization of the students’ responses. In addition,
following the activity at the end of the semester, individual students were asked to give their
rankings of the following statements:
- The terrarium activity increased my awareness of the complexities of the earth’s
atmosphere. 33 strongly agreed, 23 were neutral, 5 strongly disagreed.
- The terrarium activity increased my awareness of some of the sources of carbon dioxide in
the earth’s atmosphere. 31 strongly agreed, 26 were neutral, 4 strongly disagreed.
- The terrarium activity increased my awareness of plant life and photosynthesis processes
that affect the earth’s atmosphere. 40 strongly agreed, 17 were neutral, 4 strongly disagreed.



Table 1: Topics and number of comments following student reflection on the terrarium activity

Comment Topic Number of
Comments

Relating the lab/terrarium to the atmosphere and carbon cycle 15

Impact of light/sun on CO2 levels and plant growth 5

Importance of plants/vegetation for CO2 absorption

Being conscious of CO2 emissions and environmental impact

Showing new understanding about fluctuations in atmospheric CO2

Self-regulating nature of the carbon cycle

NINW|A~ >~

Other

Some of the positive comments received regarding the terrarium activity included:

“I enjoyed this lab; I thought it was a cool look into the earth's atmosphere and
how plants control CO2 concentrations.”

“It was interesting to see a small-scale example of how the earth and
atmosphere work on a larger scale.”

“The terrarium activity helped us consider the different sources of CO2 and how
it is generated and consumed within the environment.”

“This lab relates to our atmosphere because it modeled the interaction between
plants, bacteria, and CO2 production/consumption. This lab changed our
thinking about the atmosphere because we thought of it as a big ball of gas
rather than a transient mole balance with lots of reactions going on.”

5. Discussion and Conclusion

The student laboratory activity using the terrarium was successful in helping students practice
applying chemical reaction principles involving carbon dioxide within a living environment. It
also facilitated reflection on dynamic CO2 interactions and effects within that smaller
environment and in our own atmosphere. Utilizing a terrarium in an undergraduate chemical
engineering laboratory can provide valuable experiences in quantifying reaction or diffusion
rates and can also be used in a control scenario. The terrarium together with the CO2 dosing and
concentration, temperature, and humidity measurement system can easily be assembled with low
cost materials. Quantitative measurements can be coupled with laboratory activities with the
terrarium to help students better understand the dynamics of reactors, chemical diffusion, and
process control within a complex living environment. The activity can also be helpful in
fostering discussion and reflection on the environmental effects with CO2 in our larger
environment.
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