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Abstract: Limiting reactantsis a crucial factor in any reaction. Students found it a tricky topic. The current study
has intended to conduct a kitchenette experiment, in which a student will follow the instructional procedure to
determine a limiting reactant in a self-learning process. The study has adopted an experimental approach. A
program was developed in C++ as an efficient tool to determine the limiting reactant. The major outcomes drawn
from the study have enlightened the significance of a balanced equation in obtaining the correct molar ratio. It
has also been noted that molar ratio similarity in a particular balanced equation can wrongly lead to an erroneous
assumption.

Keywords: algorithm; freshman/sophomore (age group 18-20); kitchenette experiment; limiting reactant.

1 Introduction

Limiting reactants is a challenging topic for beginners in chemistry. Having a simple kitchenette experiment
including theoretical calculation can help students better understand this topic in a practical-theoretical
inexpensive way. Sodium bicarbonate (baking soda, NaHCO3) and acetic acid (vinegar, CH;COOH) were used as
reactants in this approach. NaHCOj3 is a benign chemical (Fiore & Calabrese, 2019) for environmental and
human health concerns and is used as an antacid agent in medicinal drugs. Sodium bicarbonate is commercially
available and called baking soda. At oven baking temperature (180 °C), it decomposes to produce carbon dioxide
(COy). CO, is a leavening agent (Brodie & Godber, 2007) that helps dough aeration to rise to have a porous cell
structure for nice-looking baked goods. It is a cheap and readily available substance used in food stores and
most kitchens.

NaHCOj; reacts with acetic acid (CH;COOH) (Arieff, 1991) to produce a salt (CH;COONa) and carbonic acid
(H,CO3) (Johnston & Gaas, 2006). However, the decomposition rate of this substance is very high. Therefore, it
will be immediately decomposed to form CO, and water (H,0). Acetic acid is one of the simplest forms of organic
acids. It has been used in many fields such as food since 5000 B.C. (Fordtran et al., 1984). Acetic acid at a
particular concentration is used in food and is called vinegar. There is a high production rate of CH;COOH
(ca. 1.83 megatons worldwide) (Freer et al., 2003). There are numerous ways by which CH3COOH can be
produced, e.g., using bacteria. For example, ethanol fermentation using yeast and glucose fermentation using
thermophilic Clostridium spp. are processed to yield CH;COOH. In concept, acetic acid bacteria oxidize sugar
into CH3COOH (Jia et al., 2017).

Understanding mole concepts and stoichiometric coefficient (JCE Staff, 1997) are crucial for limiting reactant
topic gain. Several published articles discussed limiting reactant topics as they are complicated based on students’
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Balanced equation: NaHCOj;(s) + CH;COOH(l) _— CH;COONa(aq) + HyO(l) + COx(g)

In a theoretical situation:

!

In other words, a spoon NaHCO; plus a spoon CH;COOH is enough to produce an amount of CO, that leavens a cake

In an actual situation suppose:

'

In other words, 2 spoons NaHCO; plus 3 spoons CH;COOH are enough to produce amount of CO,to leaven 2 cakes.
Saying that. the 2 spoons of NaHCO; were entirely consumed (NaHCO; was limiting reactant) and one spoon of CH;COOH was leftover (CH;COOH was excess).

Figure 1: A reaction illustrating A limiting reactant that yields CO, (a cake-leavening agent).

feedback (Blankenship, 1987; Chen & Yaung, 2002; Gonzalez-Sanchez et al., 2014; Kalantar, 1985; Kashmar, 1997;
Ozsogomonyan, 1979; Phillips, 1994; T6th, 1999). In this article, the following simple reaction (see Equation (1)) was
used to determine limiting reactants in students’ self-learning approach. Students can perform it as a kitchenette
experiment.

NaHCOs5) + CH;COOH (,q) — CH3COONa () + Hz0 1) + €O, ) §)

The advent of computers enabled learners to incorporate software and computer programs into learning.
One aspect of computing is to use mathematical descriptions to demonstrate theories (Schwarz et al., 2013). C++
program has been developed in order to support experimental procedures. This article will help freshman/
sophomore (age group 18-20) students understand limiting reactants using plain language as preparation for
this topic.

In Figure 1, the limiting reactant concept in this article is depicted in which the products in the previous
reaction yielded CO,, which is considered enough to leaven a cake.

2 Experimental section

For safety precautions, see the Supplementary Information S1.
2.1 Materials and equipment

The necessary materials and equipment to perform the experiment are as follows. Baking soda (sodium bicarbonate, NaHCO5) is
commercially available in a food store. Vinegar (acetic acid, CH;COOH) is commercially available in a food store. Teaspoon (spatula in a
laboratory language), commercially available at tableware store. Small glass cup (ca. 3-5 ounces or ca. 90-150 mL), commercially
available at tableware store. Kitchen balance of two decimal places capability, commercially available at the electronics store—a piece
of paper, 3 x 3 cm.

2.2 Procedure

The objective of experimenting is to determine the limiting and excess reactants. Two cups were marked (A and B). In a glass cup, 2.0 g
of vinegar was weighed. 0.2 g of baking soda was weighed and transferred over the vinegar on a weighing paper. This cup was marked
(A) and repeated in the same manner in another cup (B). Effervescence was observed, and both cups were swirled until no gas was given
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off. On another weighing paper, 0.1 g of baking soda was weighed and added to cup (A). In a third glass cup, 1.0 g of vinegar was weighed
and transferred to cup (B). However, effervescence was started in cup (A) but not in cup (B).

3 Results and discussion

The contents in cups A and B were initially the same. Vinegar content (CH;COOH) was reacted with baking soda
(NaHCO53) to produce CO,, which was noticed as bubbling in the solution (effervescence, chemical change). Once
the effervescence was stopped, indicating that either vinegar or baking soda was entirely consumed, and the
other had leftovers. To test which one was finished and which one had leftover. The effervescence was restarted
after adding 0.1 g NaHCO; that reacted with the leftover vinegar. Consequently, the leftover was the CH;COOH. As
a result, NaHCOs is the limiting reactant.

3.1 Theoretical calculations

In chemistry, reactions are quantified in terms of number of moles of each substance in which moles of NaHCO3
reacted with moles of CH;COOH (moles, not grams). Therefore, if a limiting reactant cannot be tested experi-
mentally for any reason, theoretical calculations can help determine the limiting reactant. In estimations, colour
codes were used to differentiate similar values from one another based on their particular theoretical calculation
depending on molar ratios (stoichiometric coefficient in a balanced equation).

A balanced equation representing a reaction shall be obtained (see the balanced chemical reaction in the
introduction). In this equation, the molar ratio among reactants and products is 1:1. Other balanced chemical
equations could have a different molar ratio, e.g., 3:1. Moles of every reactant should be calculated. In this
experiment, NaHCO; was assumed to be pure, i.e., it contains 0.2 g NaHCO;. For CH;COOH, it was assumed that the
amount (grams) of CH;COOH in vinegar was 0.5 g (commercial vinegar is available as ca. 5 %w/w CH3;COOH).

1mol NaHCO;
Moles of NaHCO3 = 0.2 gNaHCO3 x m = 0.002 mol NaHCO4 )
1mol CH;COOH
Moles of CH;COOH = 0.5g CH;COOH x ————————— = 0.008 mol CH;COOH 3
oles ot tHs & s X 60,06 g CH,COOH mottHs ®

The calculated amount (moles) of a product using the first reactant and the same product using the second
reactant were shown as follows.

1mol CH;COON
From NaHCO;, moles of CH;COONa = 0,002 mol NaHCO, x LMoL CHsCOONa _ ) o mol CH,COONa (4
1mol NaHCO;
1mol CH,;COONa
From CH;COOH, moles of CH;COONa = 0,008 mol CH;COOH x -~ 3~228 _ 4 008 mol CH;COONa (5
rom CH; moles o 3 a mol CH; X 1mol CH,COOH mo 3 a (o

The limiting reactant produces a lower amount (moles) of the product (limit the amount of the product). In this
case, the limiting reactant was NaHCO;3 as per (4) compared to (5) and was CH;COOH excess. This result was in-line
with the experimental observations.

Table 1: Reaction table for NaHCO3 and CHsCOOH reaction introduced in this case study.

Moles Balanced equation
Nch03(s) + CH;COOH(aq) g CH;COONa(aq) + H20(|) + COz(g)

Initial 0.002 0.008 0 0 0
Change -0.002 -0.002 +0.002 +0.002 +0.002
Final 0 +0.006° +0.002 +0.002 +0.002

®Remaining amount (leftover, moles) of CH3COOH after the reaction completion.
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3.2 Reaction table

A reaction table is a table that summarizes the reaction in its steps. The steps are initial (before starting the
reaction, i.e., before mixing the reactants together), change (while mixing the reactants together), final (after the
reaction is done). The following reaction table, Table 1, described NaHCO3; and CH3;COOH reactions in this case
study.

In Table 1, the initial amount (moles) of NaHCO5; was 0.002 mol which was reacted in this case study. Well,
knowing that NaHCOs is the limiting reactant, from its definition, the amount (moles) of the limiting reactant was
entirely consumed in the reaction. As a result, its change was the same amount (moles) (0.002), and the sign is
negative because it was consumed. After the reaction is done, the final amount (moles) showed zero because of the
total consumption, i.e., initial + change = (0.002) + (—0.002) = 0. For the other reactant (CH;COOH), the reaction was
started with 0.008 mol. Initially, the reaction had 0.008, and the change in moles of CH;COOH was calculated using
limiting reactant amount (moles), which controlled the reaction as follows.

_ 1mol CH,COOH
Change in moles of CH;COOH = 0.002 mol NaHCO; x —no- >3 X _ 6 002 mol CH;COOH ®)
1mol NaHCO;

Therefore, the change for this reactant is —0.002mol, see (7). The final amount (CH;COOH, moles) was
(0.008) + (-0.002) = +0.006. For CH3COON@a, initially, there was no product (zero mole product) because the
reactants had not yet been mixed. This case also applied for the other two products (CO, and H,0). The change in
its amount (moles) was calculated based on the initial amount (moles) of the limiting reactant, see (3). Conse-
quently, the final amount (moles) was the sum of the initial amounts (moles) and the change to be +0.002. For H,0
and CO,, both substances initially had no moles. Both were produced in a change, and the limiting reactant,
NaHCOs, limits their amounts (moles) yielded (see (6) and (7)). The calculation based on the limiting reactant is
shown as follows.

1mol H,0
Moles of H,0 = 0.002mol NaHCO3; x ——————— = 0.002 mol H,0 7
oles of H, mol NaHCO; x TmolNaHCO; mol H, @)
1mol CO,
Moles of CO, = 0.002 mol NaHCO; x Trmol NalCo3 = 0.002mol CO, 8)

The change in H,0 is +0.002 mol and +0.002 for CO,. There will be 0.002 mol produced for each product in the final
stage. The final step in Table 1 showed remaining (leftover), moles from the excess reactant, amount (moles) of
products, and always zero for the limiting reactant as nothing will remain after the reaction is done. As shown in
Table 1, there is no NaHCOs left in the final stage of the reaction. This matches the limiting reactant’s definition, a
reactant that is entirely consumed throughout the reaction process. Also, the remaining amount (leftover moles)
of CH3COOH complies with the description of excess reactant. Consequently, if more products need to be yielded,
more amounts (moles) of limiting reactant should be added to match the remaining amount (leftover, moles) of
the excess reactant, which can be calculated using molar ratio.

1mol NaHCO;
1mol CH;COOH
= 0.006 NaHCO4 (€)]

Moles of NaHCOs to be added to resume the reaction = 0.006 mol CH;COOH x

3.3 Algorithm

From the definition of the limiting reactant, a computer program (C++) was developed, as illustrated in Figure 2.
First, the user supplies the data consisting of reactants and products (formulae) and their masses. Consequently,
molar mass was calculated. Using molar coefficients (stoichiometry), the amount of a particular product was
determined from each reactant. The limiting reactant was identified as the reactant that produced the lowest
amount (mol) of product.
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Read Data
Stoichiometry of the reaction,
Reactant 1:: formula, number of moles & Reactant 2 :: formula, number of
moles, & Product :: formula, number of moles

Calculate molar mass

4

Using molar coefficients, determine amount of product formed

4

Chossatholopennumbey Figure 2: The algorithm to determine the limiting reactant.

The program was written using C++ software. All the main features of C++ were utilized to complete the
program. The program was written in a lucid style. Therefore, any updates/modifications are simple to imple-
ment. Two input files were required to program it. The list of elements and their atomic masses is a static input.
The second one is a dynamic in which information related to reactants/products was specified by a user. In this
input file, data such as the number and types of atoms of reactants/products, stoichiometry, and the number of
moles were mentioned.

Static Input File: Hundred and eighteen elements were stored in this file to be used later. In the Supple-
mentary Information Table S1 shows an example of contents which are an element, atomic number, and atomic
mass.

Dynamic Input File: In the dynamic file, the user-provided all necessary information to compute the number
of moles of reactants and one of the products to determine the limiting reactant. Information includes the type of
atom and its corresponding mole number. For example, the NaHCO; formula has 1 mol Na, 1 mol H, 1 mol C, and
3 mol O. Also, the dynamic file includes the experimental moles of reactants and products as shown in the
Supplementary Information Table S2, e. g., see Equations (2) and (3) where the experimental moles of NaHCO3z and
CH5;COOH were calculated.

The basic stoichiometry part of the code is shown in the Supplementary Information S2 program protocol
Figure S1. After the stoichiometric part of the code, the program calculates the conversion of the number of moles
of the reactants. This is followed by calculating molar masses which was recalled later in the first part. The
number of moles of the products was calculated afterward. The limiting reactant was identified by the code,
Supplementary Information S2 program protocol Figure S2.

4 Students’ invalid assumptions

We provide examples of how students tend to assume wrong conclusions based on misunderstood observations.
(1) The amount (moles) for NaHCOs; is less than CH;COOH, the limiting reactant is NaHCOs3.
This is an unacceptable assumption since it is only applicable when the molar ratios are 1:1 for the reactants.
(2) Since the amount (moles) for the limiting reactant is 0.002 and the molar ratio of each substance in the
balanced reaction is 1:1, the amount (moles) for all other substances in the change in Table 1 are the same. This
assumption is correct only in this case. However, when molar ratios are not 1:1, the amounts in mole are not
the same.
(3) Generally, a student may assume that the reactant that has the least stoichiometric coefficient is the limiting
reactant. For this case study, an assumption could be that both reactants are limiting reactants.
This is an unacceptable assumption because to identify the liming reactant a student should perform the
experiment or perform a proper calculation.
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(4) A student could start with grams of reactants and use the molar ratio to determine the limiting reactant. In
this case study, the experiment started with grams. Grams must be converted into moles before applying
molar ratio in the theoretical calculations. Also, it was pointed out that moles of substance are reacted and not
grams.

(5) After determining the limiting reactant, a student could think to use either limiting reactant or excess
reactant to calculate amount (moles) for any other substance in a reaction.

This is an invalid assumption due to the student’s lack of understanding that the liming reactant is the
controller for the reaction. Thus, its amount (moles) must be solely used to calculate any other amount of any
substance in the reaction.

5 Conclusions

Limiting reactant was pedagogically introduced in a simple experiment, which can be performed in a kitchen
where a freshman/sophomore (age group 18-20) student can obtain a basic preliminary understanding of the
concept. In this article, theoretical calculations were introduced and discussed, including the reaction table,
which summarizes all reaction stages. This article emphasized the importance of a balanced equation to obtain
the correct molar ratios included in the calculation to determine limiting reactants and other aspects of the
reaction. It is worth mentioning that molar ratios similarity in a certain balanced equation can faultily lead a
student toward a wrong conclusion. It is proved to students that no guess can be established based on the amount
(moles) of reactants, i.e., it is not always the least initial moles of a reactant is considered a limiting reactant, and it
depends on the molar ratios (stoichiometric coefficient in a balanced equation). A code in C++ was developed for
the determination of the limiting reactant to support the students who are interested in computer programs.
Invalid student’s assumption where argued to avoid such suppositions.
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