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REMEDIATION OF CO ;, IN BOUDOUARD’S REACTION
AS AN EXAMPLE OF REVERSIBLE CHEMICAL REACTION

Abstract: One of the fundamental elements of a scientistskws the ability to lead observations of the
phenomena that surround us and based on them maditusions. These observations are conductednvitib
so-called scientific experiments. Lessons learrexkt on the results obtained in experiments aksearchers to
better understand the essence of the phenomenariogcin the world around us. Drawing conclusiossnibt
always easy. In order to achieve this skill, we musssess a well-established knowledge in the fidldhe
phenomenon that interests us. The most strikingnple of how important skills are observation andwing
proper conclusions is the phenomenon of globalatnwarming. The main parameter influencing tentpeza
registered on Earth is the concentration of greasba@ases in the atmosphere, and especially caibgite
created from combustion processes. A significaletirostudies of the reduction of G@missions plays chemists.
To be sure that conducted by them experiments@imally designed, it is necessary to ensure théim proper
education already at the secondary school leved. riihin aim of this article was to conduct the stidgrder to
explain chemical issues that create the greategstitbee difficulties among students. The second afrthe article
was to propose a chemical experiment to studeatswbuld allow them to find out more about the piraena
governing in the area of problematic issues. Thep@sed experiment is based on the concept of dipjubi
equilibrium. Results of preliminary tests that haseen carried out after applying this experimena@mall group
of students, indicated their better understandirthestudied subject.
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Introduction

Since 1988, employees of Chemical Education Departmof the Faculty of Chemistry
of the Jagiellonian University have been organizimg Chemical Knowledge Competition
for secondary school students. In Poland, studinngecondary schools lasts 3 years and
ends with an secondary school-leaving examinatiime of the subjects that the students
may pass during this exam is chemistry at an exigrnevel. The competition is intended
for the second and third grade students from seamgnschools of Malopolska Province.
Each school year approximately 1300 students takeimp the competition. The aim of the
competition is to encourage students to be intedest chemistry and enable them to test
their knowledge. The scope of material and the tdanof the competition tasks were
changed in 2014. At present, the competition shemitains 5 single-choice and
5 multiple-choice tasks, 3 Lowson tasks and 3 apaated tasks (Fig. 1).
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Which of the following salts, when dissolved in water at equal concentration

produces a solution with the lowest pH 5 single-choice tasks
A. C,H;COONH, B. HCOONH,  C. CH,COONH, D. CH,CH,COONH,
[%]
|£ In Hydrogen telluride (H,Te), there are:
 A. two bonds of sigma type B. two bonding electron
E‘ C. pairs, ionic bonds D. two lone electron pairs
m |
=
E
6) Manganese(ll) oxide is:
Iﬁ an acidic oxide it reacts with acids and does not react with
bases
a neutral oxide it does not react with water
an amphoteric because it does not react with water, acids, and bases
oxide
a basic oxide it reacts both with acids and bases forming salts

Plus 3 open-ended tasks

Fig. 1. Exemplary closed tasks from the competitibaet

Students’ answers are analysed. On this basisntist difficult issues for students are
chosen and next elaborated in order to create wof methodological solutions. These
solutions are presented to teachers and studgnts [1

Data analysis

Based on all the answers given by the third-gradelents of general secondary
schools, who have participated in the Chemical Kledge Competition, the tasks with the
greatest index of the wrong answers were selegtddhaxt analysed in terms of difficulties
faced by students during solving the problem. Tasearch covered 500 competition
contestants (337 females and 163 males). It tuomtdhat the biggest challenge for pupils
was to answer the questions about the equilibristablished in the system during the
so-called Boudouard reaction [2]. Therefore, oflgse tasks were the subject of further
analysis. Boudouard reaction takes place during dhsification of coal and other
carbon-rich sources and is very important due ® phssibility remediation of COby
reducing it to carbon monoxide, which can be neséduto produce hydrogen [3].
The analysis covered only the competition taskskihg the knowledge contained in the
following points of the core curriculum:

Student:

« demonstrates the knowledge and understanding dbtlesving concepts: the state of
dynamic equilibrium (balance) and equilibrium camif writes the equilibrium
constant expression of a given reaction;

« applies Le Chatelier's principle to the qualitatidetermination of the impact of
change in temperature, concentration of reagemtgpegssure on the system in a state
of dynamic equilibrium.
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Results of data analysis

The subject of the analysis were students' ansgieen to the following competition
guestions:
Problem 1:
Gaseous carbon monoxide can be obtained by redoaign dioxide using elemental
carbon.
la. Assuming that this reaction is reversible one dral gystem is at equilibrium state,
write down the_equation of this reaction and eduiilim constantk;) expression for
this reaction.
1b. State whether the following sentences are trualsef

No. Question True False
| The efficiency of the reaction will increase if theessure in
the system increases.
Increasing the amount of carbon in the reactiosefesill
shift the equilibrium of the reaction to the right.

Table 1 presents the results of the statisticalyaizaof the data obtained based on the
answers provided by students in competition sheets.

On the basis of the obtained results we can coerclimht there were no clear
differences between answers given by female and roahtestants. As the conducted
analysis indicated, writing down the equation oérmilical reaction occurring in the given
system was not a problem for the students, howagemany as 1/3 of them forgot to mark
the state of chemical equilibrium by appropriatetjtten arrows. Difficulties encountered
by students in distinguishing between complete imedmplete chemical transformations
have already been reported in several works [4FBis proves a strong need for a wider
explanation of equilibrium processes to pupils.

About half of all respondents were able to writerectly the expression fd{.. More
than 1/3 of the rest added the concentration afl s@rbon to this expression, which is in
a different phase than the other reagents. On geervery tenth student was not able to
write down the correct expression for the equilibriconstant. Additionally, nine out of ten
those students, who wrote down correctly the exgiwasfor the equilibrium constait. or
input the concentration of carbon into it, answesedectly the question about influence of
the pressure changes on the system state. Thetcangver to this question was also given
by every second student who could not write dovenpfoper expression fét.. In turn, the
most difficult question for participants of the cpetition was the question about influence
of change in the amount of the solid componentherefficiency of the reaction.

As our previous observations have shown, studese o problems with questions
concerning single-phase multi-component systemsveiter, finding correct answer to the
guestion about the equilibrium state in multi-phaselti-component systems causes
problem for the majority of them. On the basistaf tesults obtained, a conclusion can be
drawn about a need for designing a chemical exmarirthat will help pupils understand
the essence of the problematic phenomenon. As rdsendicates, the best way to
understand the problem is its visualization [10jus, in the further part of this work we
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proposed the laboratory classes that would helfigptgounderstand that addition of solids
to the system being in equilibrium state does ffecathe efficiency of reaction/process.

Table 1
Results of the statistical data analysis obtaimethe basis of the answers given

by participants of Chemical Knowledge Competition

The number of students who
correctly wrote down the equation
the chemical reaction, rememberi
to mark the equilibrium state by t

arrows pointing in the opposite

The number of students who wrote
n down the equation of the chemical The number of students who wro
eaction correctly, but did not mark down the equation of the chemica
%he equilibrium state by two arrows reaction incorrectly
pointing in the opposite directions

= @

directions
Female N =337) | Male N = 163)| Female N = 337) | Male N =163)| Female N = 337)| Male (N = 163)
196 109 131 50 10 4
58 % 67 % 39 % 31 % 3% 2%

The number of students who wroteThe number of students who wrote
the equilibrium expression féf; as| the equilibrium expression fit, as

follows: follows: The number of students who gave
[CO? [COJ? other wrong answers to this questjon.
K. = —— K. = ————+
[CO,] [CO,] - [C]
Female N = 327) | Male N = 159)| Female N = 327) | Male N =159)| Female N = 327)| Male (N = 159)
177 87 124 49 26 23
54 % 55 % 38 % 31 % 8% 14 %

tThe number of students who inserfedihe number of students who wro|
She concentration of the carbon into the wrong expression faét. but
theK. expression but answered| answered correctly to the questig

(0]

The number of students who wroj
theK, properly, and answered
correctly to the question 1bl

=]

correctly to the question 1bl 1bl
Female N=177)| MaleN=87)| FemaleN =124)| MalelN=49) | FemaleN=236) | Male N =27)
158 80 100 41 22 14
89 % 92 % 81 % 87 % 61 % 52 %

he number of students who inserfedThe number of students from the
he concentration of the carbon info whole group of the competition
athe K¢ expression, answered corregtly participants of a given sex who
to the question 1bl, but answered answered correctly to the questions
incorrectly to the question 1bll la and 1bl
FemaleN = 100) | Male N =41) | FemaleN = 337)| Male (N = 163)
107 56
32% 34 %
The number of students from the
whole group of the competition
participants of a given sex who
answered correctly to all the
questions
Female N = 337)| Male (N = 163)
15 (21) 19
5% 12 %

The number of students who wrot

theK; properly, and answered

correctly to the questions 1bl an
1bll

Female N = 158)

Male K = 80)

22
14 %

27
34 %

95
95 %

40
98 %

Background

In any saturated solution that stays in contach wvtfte solid phase of dissolved
substance, a state of dynamic equilibrium is eistiaddl between the substance in the
solution and its sediment (in a unit of time thensanumber of ions goes from the solid
phase to the solution as (the number of ions) depos the surface of the crystal) [11, 12].
In the experiment proposed below this equilibritan be described by the equation:
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CuClz(S) = Cu%;'q) + ch(_aq) (1)
The equilibrium constant for this reaction is exgzed as follows:
K. = [Cu®]-[C17]? (2)

(simplifying assumptions: the activities of the $oaind the ionic strength of the solution are
not considered).

Using Le Chatelier’s principle in reference to sicheaction, it can be predicted how
addition of solid CuGl salt or the concentration change of one of thes iaffect the
efficiency of precipitation of the sediment in thgstem. These predictions can be next
verified based on the proposed chemical experiment.

Experimental procedure
The core of the experiment:

Reagents

1. Saturated solutions of CyCCuSQ and KSQO, (prepared by dissolving solid salts of
CuCb-2H,0, CuSQ:-5H,0, and KSQ, in distilled water)

2. Concentrated HCl acid

Titration of copper ions

Reagents
1. 0.01 M EDTA
2. Indicator: murexide

Titration of chloride ions

1. 0.1 M AgNQ

2. 0.1 MKSCN

3. (1+1,viv) HNQ

4. Indicator: 10 % solution of ammonium iron(lll) ulphate dodecahydrate
(NH Fe(SQ),- 12H0) in nitric acid

5. Chloroform

Preparation of reagents

1. Prepare 300 chof saturated solutions of CuCICuSQ and KSO, by dissolving the
excess of the corresponding salt or its hydra@0thcnd of distilled water.

2. Prepare standard solutions of Aghadid KSCN from fixanal ampoules.

3. Prepare 0.01 M EDTA solution by dissolving 3.22¢ of NaEDTA-2H,0O into
a 1 dni volumetric flask containing about 300 tof distilled water and fill up to the
mark the resulting solution with distilled water.

4. Weigh out about 5 g of FeN($Oy),- 12H0. Grind the salt in a mortar to a fine
powder. Mix 4 g of this salt with 40 chof distilled water and a few drops of
concentrated nitric acid.

5. All the other reagents i.e. concentrated sohstiof HCl and HN@ solid salts,
murexide and chloroform may be purchased direatignfSigma-Aldrich.
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Idea of the experiment

The experiment presented here was designed fop@pgof maximum 16 students.
The experiment requires two 4-5 hour lab sessitmghe first part of the experiment
students, by means of a pipette, transfer each tiroet of saturated CuGkolution into
four separate Petri dishes. Next, students adtle first Petri dish 1 chrof concentrated
HCI, into the second one 1 &rof saturated CuSOsolution, into the third one 1 ¢nof
saturated KSQ,, and into the fourth one a small amount (ca. 6§ ofi solid CuCJ- 2H,0.
After that part, they write down their observationi® the lab notebooks.

In the second part of the experiment, students poepared earlier saturated CuCl
solution into four separate test tubes. Next, theg 2 cm of concentrated hydrochloride
acid to the second tube, 2 tof saturated CuSGsolution to the third tube, and 650 mg of
solid CuC}- 2H,0 to the fourth tube. The first test tube shouldtam only a clear saturated
CuCl, solution. The main aim of this experiment is deti@ation of the contents of €u
and CT ions in each of the four test tubes.

In turn, during titration experiment students wamkpairs. In the first step during the
first lab period, one of the students (Studentetprnines the content of €tions, and the
other student (Student 2) determines the conter@lofons in the first test tube. In the
second step during the second lab period studeoteage their research places. From that
moment Student 1 determines the content ofi@ls in the third and fourth test tube, and
Student 2 determines the content of #Cions in the second and fourth test tube.
To determine the contents of €and CT ions in individual tubes, before titration, eadh o
the tested solutions needs to be diluted withltidtivater by dissolving 1 chof the tested
solution into a 1 dfhvolumetric flask.

Titration of CuCh, solution with EDTA (determination 6" concentration)

The chemical reaction of complexation occurringaeetn the sample and titrant:
CU2+(aq) + (EDTA)Z_(aq) — CU(EDTA)Z_(aq) + 2I—F(aq)

1. Rinse the burette first with distilled watergethwith small amount of 0.01 mol/dm
NaEDTA- 2H,0 titrant solution and finally fill it up with thisolution. Record the
initial volume to 1 decimal place.

2. Transfer precisely 25.00 ¢nof diluted solution of copper(ll) chloride into @dean
conical flask using a pipette.

3. Titrate each sample with the standardized EDdlat®n (do not forget about constant
stirring of titrated solution during the experimenTo see better the endpoint of
titration, put a white sheet of paper under theiGarflask with titrated solution. Near
the endpoint the light yellow solution turns gresmd then suddenly converts into
purplish blue. This moment is the endpoint of flration (Fig. 2).

4. Record the burette reading.
5. Repeat the titration (procedure 2-4) for onea$.00 crhsample.
6. Calculate the mass in grams and concentrationopper ions in moles of diluted
solution using the following equations:
Mmey = Cgpra - 63.53 - 40 [g] 3)
Mcy
= 4
Ny =525 [mol] (4)
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light vellow sohition purplish blue solution

Fig. 2. Colours of the studied solution before ahthe endpoint of titration of CuQhith EDTA

Titration of CuCh solution by Volhard's method (determinatiorCéfconcentration)
The chemical reactions occurring during titration:

Ag(ag + Clag — AgCly white precipitate
Ag'(ag + SCNag — AGSCNy white precipitate
F€(aq + SCN(ag — [Fe(SCN)F g dark red complex ion

1. Rinse the burette first with distilled waterethwith small amount of the 0.1 mol/dm
KSCN titrant solution and finally fill it up withhtis solution. Record the initial volume
to 1 decimal place.

2. Transfer precisely 25.00 émf diluted copper(ll) chloride solution into a ateconical
flask using a pipette.

3. Measure 5 chof (1+1,v/v) HNQ acid using a graduated cylinder, place it in the
conical flask and then dilute this solution witlstilled water to about 50 ¢

4. Using a pipette transfer 25.00 baofi standard AgN@solution into the conical flask.

5. Under the ventilated hood add at first 3°cai chloroform and then 1 chof
ammonium iron(lll) sulphate to the tested solutising graduated cylinders.

6. Stir the obtained solution in the horizontalifios for one minute to precipitate white
coloured silver chloride.

7. Titrate the unreacted silver ions with the psitam thiocyanate solution. The endpoint
of this titration is the first appearance of creapeyge colour associated with the

presence of a [Fe(SCNJJions and white AgCl precipitate in the solutioaddsig. 3).

Record the burette reading.

Repeat the titration (procedure 2-8) for oneer5.00 crhsample.

0. Calculate the mass in grams and concentrafiarhlorine ions in moles of diluted

solution using following equations:
S (Vagnos - Cagnos — Visen - Cksen) - 35.46 - 40
o= 1000

Mcy

Moy = gac (mol] (®)

B o®

[g] ®)
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b) c)

white precipitate of AgCl endpoint dark red precipitate of AgSCN

Fig. 3. Colours of the studied solution during diton of CuC} by Volhard's method: a) before
the endpoint, b) when the endpoint has been reaelne) after the endpoint of titration

Hazards

Cu(ll) salts, whether in a solid state or in salnti have acute toxicity on oral and
dermal tissues and can cause irritation to skiesend the respiratory tract [13, 14]. It is
necessary to avoid breathing dust, fumes, mistoway or spray of copper(ll) sulphate or
copper(ll) chloride. HCI and HNQconcentrated acids have a corrosive effect on huma
skin [15, 16]. The vapours irritate the respirat®ystem, eyes, and other mucous
membranes. A brief exposure to the solutions of @gldnd KSO, will not produce any
immediate side effects other than the purple, browblack stains on the skin, which are
created as a result of an oxidizing properties glN®;. Upon a constant exposure of these
agents, the side effects including irritation tonsleyes, and the respiratory tract will be
noticeable [17-19]. KSCN is harmful if swallowed iohaled, and causes irritation to skin,
eyes, and the respiratory tract [20]. Chloroforrases moderate eye and skin irritation on
contact. Prolonged contact may cause poisoning #wengh intact skin. Ingestion causes
nausea, vomiting, diarrhea, and liver and heartadg@m21]. To minimize exposure to
chloroform it should be added to the titrated sotutunder a well ventilated hood. Also,
although chloroform is not flammabile, it can proeluoxic fumes when exposed to flame.
Thus, care should be taken to eliminate open flane@s areas where chloroform is being
used. Personal protective equipment such as goggldsprotective gloves should be
required to wear to minimize risks throughout th@eximent. In case of contact of
concentrated solutions with skin or eyes, studshtsild wash the affected area with water
immediately. When finished, the remaining solutieh®uld not be drained into the sink;
they must be collected into the marked bottlestaed properly utilized.

Results of experiment and discussion

In the first part of the experiment a qualitativedy was carried out involving the
observation of changes taking place in a satursaédion of CuCJ after adding to it 1 cfn
of four reagents: concentrated acid [d64, saturated solutions of Cug&y and K;SOusay,
and solid CuGl 2H,0, respectively. The results of this experiment salaswn in Figure 4.
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Fig. 4. Observations of changes taking place iratarated solution of Cuglafter introducing to it:

b)

C)

d)

a) HCleong, b) CUSQeeay, €) KoSOueag, and d)solid CUCh: 2HO

Determination of C¥ ions concentration in solution

Table 2

Mass of Clf* Number of copper ions | Concentration of
Mixture cepra  |Vepra|in 1 dm? of the tested moles in 1 dnfofthe | CuCl, in the tested
[mol/dm?] | [cm?] solution tested solution solution
[g/dm?] [mol/dm?] [mol/dm?]
Pure Cudl
saturated solution 12.4 315 4.96 4.96
Saturated solution
of CuCh with
addition of 2 cr 9.80 249 3.92 3.92
of concentrated 0.01
solution of HCI ’
Saturated solution
of CuCh with
addition of 12.4 315 4.96 4.96
300 mg of solid
CuCh-2H,0
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As can be seen in Figure 4 addition of concentr&i@l acid or saturated CuQ0
solution into the Petri dishes with saturated GugBlution caused immediate precipitation
of the copper(ll) chloride sediment. This phenomewas not observed in Petri dishes with
the CuClsay solutions after addition into them the saturatetit®on of K;SO, or solid
CuCl-2H,0 salt.

The second part of the experiment included the tifaéime indication of changes
occurring in the CuGlsaturated solution under the influence of theudistnce of existing
in it equilibrium state. The results of titratioh @uCl, saturated solution before and after
adding to it concentrated HCI acid and saturate8@solution were presented in Tables 2
and 3. Calculations were made according to equa(i@(4) and (5)-(6), respectively.

Table 3
Determination ofCl~ ions concentration in solution

Constant Mass ofCl~ in Number of CI~ | Concentration of
. Viscn 1dm®ofthe | molesin 1 dni of CuCl; in the
Mixture parameters of ) - .
titration [cm? | tested solution | the tested solution| tested solution
[g/dm?] [mol/dm?] [mol/dm?]
Pure Cqu'saturated 225 355 10.0 5.00
solution
Saturated solution o
CuCl, with addition of] -
2 cnt of concentrated ;AEN%_ gélclr\:l? 236 199 5.60 2.80
solution of CuSQ AgNOs™
Saturated solution of Cksen =0.1M
CuCl, with addition ofi
300 mg of solid 225 355 10.0 5.00
CuCh-2H,0

Presented results show influence of changing thecemtration of the substances
existing in the equilibrium state on the state dfiltirphase multi-component system.
In proposed experiment these changes are obsenhgdvben copper or chlorine ions are
introduced into the system. In turn, introducimdjcs CuChb- 2H,0 reagent into the system
does not cause any noticeable changes.

Conclusion

The survey results revealed that students havegya problem with understanding how
change of the amount of the solid component infteetine efficiency of the Boudouard’s
reaction. This indicates the need to present stadsuch proposition of the chemical
experiment which enables them to better understhedequilibrium state settling in
a multi-phase multi-component system. At the same,tit should be emphasized that
planning an experiment that can be performed inchod laboratory and meets
the requirements of a multi-phase multi-componerstesn in a state of equilibrium is
extremely difficult. The proposed in this work exipgent is based on the concept of
solubility equilibrium, which until 2017 was notught at the level of secondary school.
Preliminary tests carried out on a small group taflents attending schools at that time,
indicated a better understanding of the subjectréfore, the proposition of the experiment
will be made available to a wider group of studeartd their teachers. This will allow them
to better understand the issues related to thesalalbility, which have been included in the
educational requirements of the new core curricuimoe 2017.
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