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Abstract This paper discussed a method to improve the estimation of the oxygen content in the atmosphere. An
indicating solution containing methylene blue (MB), glucose and other chemicals was used to detect unreacted oxygen in
residue gas after the combustion of white phosphorous. The optimized MB-glucose solution verified that the amount of
remaining oxygen after combustion was significant. The amount of unreacted oxygen was accurately measured by
polarography and gas chromatography. Subsequently, the corrected value of the oxygen content from this experiment was
obtained by adding the amount of unreacted oxygen. Results showed that the adjusted value was close to the theoretical value.
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1. Introduction 0, (g) — 0, () (1)
The measurement of oxygen content in the atmosphere is O, (I) + 4LMB — 4MB + 2H,0 (fast) (2)
one of the fundamental experiments for the primary MB + glucose — oxidized glucose + LMB (slow) (3)

education of chemistry. This experiment traditionally uses a
candle or vigorous combustion reactions inside a closed
container that is partially immersed in water. These
reactions have striking characteristics, thus making them
easy to demonstrate in a classroom setting. However, the
“candle-and-cylinder” test for measuring the changing
amount of oxygen content has limitations such as the
thermal expansion of the gas phase and low oxygen
consumption [1, 2]. Thus, the oxygen content in the volume
fraction of some experiments is always lower than the

theoretical value (21%) [3, 4]. Chemical educators have N\ )

been seeking better alternatives to improve this H.C /@: D\CI CH
. . . . 3 \ X / 8

measurement [5, 6]. The use of quantitative equipment in N S N

Where MB and LMB are methylene blue and leuco-MB,
respectively (Figure 1) [11]. These solutions often contain
sodium hydroxide to maintain an alkaline condition.
Reaction (2) shows a quick process in which the clear
solution turns blue upon the appearance of MB. Reaction (3)
demonstrates that glucose reduces MB and that the solution
becomes colorless, which occurs from a few seconds to
hours depending on the different chemical concentrations in
the solution [12].

measuring oxygen content has also been discussed [4, 7, 8].
Traditional combustion experiments can be an impressive CH; CH;
class demonstration if the amount of unreacted oxygen can Methylene Blue (MB)
be computed accurately.

Methylene blue (MB) solution, which is highly sensitive Blue
to oxygen gas, can be used as a possible indicator to detect H
small amounts of oxygen. The main chemical components
of this solution are MB and glucose. Campbell et al. [9, 10] H3C\ /@ :©\ /CHS
first reported the MB—glucose—oxygen system by the “blue S N
bottle” experiment. The reactions involved in the |
MB-glucose—oxygen system are as follows:

oO—2=

H; CH;
Leucomethylene Blue (LMB)

* Corresponding author:
yangey@snnu.edu.cn (Cheng-yin Yang)
Published online at http://journal.sapub.org/jlce Figure 1. Structures of methylene blue (MB) and leuco-methylene blue
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Quantitative instruments are used to compute the amount
of unreacted oxygen. Thus, the experimental value of
oxygen can be corrected by adding the number of unreacted
oxygen:

OZcorr%:OZreac%+( 1 'OZreac%) X OZunre% (4)

Where Oy is the total oxygen content based on the
calculation, Op.,. is the oxygen consumed during the
combustion reaction, and Oy, is the unreacted oxygen
measured by quantitative analysis tools.

This study aims to achieve the following: (i) develop an
improved apparatus that will reduce the amount of
unreacted oxygen during the combustion of white
phosphorous; (ii) verify the amount of unreacted oxygen by
using a MB-glucose solution and quantitative tools.

2. Experimental

2.1. Hazards

White phosphorus causes burns and is highly toxic by
ingestion, inhalation, and skin absorption. Keep it under
water and away from heat when not use. White phosphorus
can combust upon exposure to oxygen spontaneously and
product tetraphosphorus decaoxide, which is also extremely
corrosive and toxic. Furthermore, the combustion of white
phosphorus should be performed in a fume hood or with
proper ventilation. Having a fire extinguisher is necessary
while performing this demonstration.

It is safe to use methylene blue and glucose if used
prudently. Avoid exposure to skin or eyes. If they contact
skin or eyes, wash with copious amounts of water for at least
15 minutes and get medical aid. The sodium hydroxide and
its concentrated solution are caustic chemicals that burn skin
on contact. Thus, protective laboratory equipment (gloves
and goggles) is required when handling these substances.
(Further details are included in the supporting information.)

2.2. Combustion

A 50 mL glass syringe, which was sealed with a rubber
conduit at the top, with a movable piston, was used for the
combustion of white phosphorus (Figure 2). Approximately
1 g of white phosphorus was added into the syringe cylinder.
After that, the piston of the syringe was maintained at a scale
of 40 mL, and the tip of the syringe was dipped in a hot water
bath (>60°C). The syringe was removed from the water bath
the moment the white phosphorus starts to burn. The syringe
was fixed on an iron stand during the combustion process. A
controlled trial was performed by following the same
procedure and gently shaking the syringe during the
reactions. After the combustion process and the syringe
reached the room temperature, the amount of consumed
oxygen was estimated by reading the different positions of
the piston. The residue gas was then carefully transferred
into another syringe filled with 1 mL indicator solution as
shown in Figure 3. An appropriate indicator solution was
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prepared by combining glucose, NaOH, and drops of MB
solution.

Glass syringe (50mL)
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Figure 2. Experimental device for determining the oxygen content in air
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Clip
Figure 3. Device for determination of residual air by the indicator solution

3 mL glucose solutions of different concentration (1.2 M,
1.0 M, 0.5 M, and 0.25 M) and SmL NaOH solutions of
different concentration (1.2 M, 1.0 M, 0.5 M, 0.25 M, and 0.1
M) were added into 25 glass syringes, respectively. Then 5
mL water and 2 or 3 drops of 1x10° M methylene blue
solution were added into each syringe. Once the color of the
solution is clear after mixing them uniformly, 10 mL air were
bubbled into each glass syringe, and systems were shaking
gently for 10 s. Each time of blue color fading away was
recorded, and the optimized indicator solution was selected
based on its fading time.
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Figure 4. Logic tree of estimation the unreacted oxygen
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The logic tree in Figure 4 shows the procedures in
computing the amount of unreacted oxygen in the residue
gas. First, the residue gas was tested by an indicator solution.
After that, polarography or gas chromatography was
employed after the indicator turns from colorless to blue. The
exact amount of oxygen was determined when the results
from both methods are identical. Otherwise, other
quantitative methods would be used.

2.3. Oxygen Measurement by Polarograph and Gas
Chromatograph

KY-2B oxygen controlled polarographic analyzer
(Meicheng Instrument, China) was employed in this
experiment to detect a trace amount of oxygen. Agilent-6820
gas chromatograph (Agilent. USA) was also used. The
carrier gas was the high purity helium (99.99%), and the GC
column was molecular sieves SA (Restek. USA). Ultra-high
purity oxygen gas (99.999%) was worked as a reference.

3. Results

3.1. Optimization of Indicator Solutions

Figure 5 shows the time of blue color fading away as a
function of NaOH and glucose concentrations. The
concentration of NaOH and the fading time has a power
function relationship while the concentration of glucose
solely influenced the fading time. Furthermore, the kinetic
research indicates this reaction rate is almost first order in the
concentration of NaOH and independent on the
concentration of glucose [12, 13]. When the concentration of
NaOH is larger than 0.1 M, their fading time proceeds over
half an hour, and it is too long for this color test. Similarly,
when the glucose concentration is above 1.0 M, the color of
the solution is unclear yellow-brown, which impedes the
study of color. From this practical view, these concentrations
of both NaOH (>0.1 M) and glucose (>1.0 M) are not
suitable for making test solutions. Therefore, the appropriate
indicator solution is prepared by the mix of the solution of
glucose and NaOH (Cgjycose : Crnaon =0.5 M: 0.5 M) and a few
drops of methylene blue solution, and its fading time only
takes a few minutes.
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Figure 5. Indicator fading time as a function of the NaOH concentration
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3.2. Quantitative Analysis of the Unreacted Oxygen

The detailed discussion of residue oxygen measurement is
in the supplemental information. Measurements results of
unreacted oxygen by polarograph was carried out by fixing
the syringes on the iron stand and by shaking the syringe. As
a result, the oxygen contents of two methods are 4.6+0.7%
and 1.3+0.4%, respectively.

The GC result of the unreacted oxygen contents from
two different methods (holding or shaking the syringe) is
4.6+0.7% and 1.3+0.4%, respectively.

We approach the measurement results from two
quantitative instruments. After corrected by adding the
unreacted oxygen to the directly reading, the oxygen
contents by two handling methods are close (Table 1).

Table 1. The oxygen content in the atmosphere

Holding the | Shaking the
syringe syringe
Direct reading from the syringe 16.8% 19.7%
Corrected by adding the unreacted 20.5% 20.8%
oxygen

4. Discussion

The experiment in this study is designed for middle school
or high school chemistry demonstrations. However, only the
combustion of white phosphorus in syringes and the MB
indicator test can be performed during class. The quantitative
analysis of unreacted oxygen is hard to illustrate because of
its complexity and time-consuming nature. Thus, the teacher
can use unreacted oxygen data only to calculate the adjusted
oxygen content in the air and compare the obtained value
with the theoretical value.

Two main issues cause errors in oxygen content
measurements: (i) thermal changes occur in the limited
volume expulsion of air; (ii) combustion does not consume
all oxygen in the system. The products of white phosphorus
combustion are solids rather than gases, which do not
interfere with the volume of the depleting oxygen. In this
experiment, glass syringes are used as the reaction container
instead of vessels in water because glass syringes are more
accessible for volume measurement and for cooling to room
temperature. This improvement in the apparatus overcomes
the disadvantage of thermal expansion during reactions. The
oxygen content measured from the combustion of white
phosphorus is less than the theoretical value, thus indicating
that partial oxygen is unreacted in the system. Given that this
combustion process is a heterogeneous reaction (solids in
gases), the reactants do not react entirely because of
insufficient exposure to each other. Shaking the syringe
during the combustion process can assist white phosphorus
to react sufficiently with oxygen. The oxygen content
measured by this method is approximately 20%, which is
closer to the theoretical value of oxygen content (21%) than
the result (about 17%) from the standing syringe. However,
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complete combustion cannot be achieved by only shaking
the syringe, and the effect of this method is acceptable only
in class demonstrations. The indicator tests signify the
presence of residual oxygen after the combustion reaction
from both methods, thus indicating that the analysis of
unreacted oxygen is necessary. The assessment results show
that the adjusted oxygen content in the air is identical with
that of the theoretical value.

5. Conclusions

A syringe with a piston was used as an alternative reaction
device to improve the discovery of oxygen contents in the air
after white phosphorus combustion. Shaking this apparatus
during the reaction was an efficient method to obtain oxygen
content close to the theoretical value. Although residual
oxygen was detected after the reaction by a MB-glucose
indicator, the preliminary data could be further adjusted by
adding the correct amount of unreacted oxygen, which
determined by the quantitative analysis.
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