INVESTIGATION

o
The Hand Warmer Design AL Peae]

Challenge: Where Does the
| Heat Come From?

¥ CENTRAL CHALLENGE

The ideal hand warmer increases in temperature by 20°C (but no more) as quickly
as possible, has a volume of about 50 mL, costs as little as possible to make, and

I uses chemicals that are as safe and environmentally friendly as possible. You will
carry out an experiment to determine which substances, in what amounts, to use in
order to make a hand warmer that meets these criteria.

CONTEXT FOR THIS INVESTIGATION

Have your fingers ever been so cold they felt numb? Wouldn't it be great if you
could generate heat to warm your hands up anytime you want to? That’s exactly
what a “hand warmer” does. Hand warmers are small packets that people put inside
gloves or mittens on cold days to keep their fingers warm. They are very popular
with people who work outside in winter or do winter sports. One type of hand
warmer contains water in one section of the packet and a soluble substance in
another section. When the packet is squeezed the water and the soluble substance
are mixed, the solid dissolves, and the packet becomes warm. In this experiment
you will learn how a hand warmer works and use chemistry to design an effective,
safe, environmentally benign, and inexpensive hand warmer.

¥ PRELAB GUIDING QUESTIONS/SIMULATIONS

Your teacher may assign you the following animation to watch and associated
prelab questions to strengthen your mental models of the particulate nature of
matter. "

An animation showing the dissolution of an ionic compound on the particulate
level can be found on the website Chemistry Experiment Simulations and
Conceptual Computer Animations: http:/group.chem.iastate.edu/Greenbowe/
sections/projectfolder/flashfiles/thermochem/solutionSalt.html

Watch the animation, and then work with your lab partner to answer the following
questions.
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%, Describe the changes you observe in the animation, including changes in the bonds and
particulate attractions and changes in the amount of disorder in the system.

3. When sodium chloride is dissolved in water, the temperature of the resulting solution is
lower than the temperature of the water before the salt dissolves. How can this result be
explained based on bond breaking and bond making that is occurring?

3. Why do some salts, such as sodium chloride, dissolve spontaneously even though the
process is endothermic overall?

4. ‘When some ionic salts are dissolved in water the temperature of the resulting solution
is higher than the temperature of the water before the salt dissolves. What do you think
determines whether the resulting solution is cooler or warmer than the starting water?

B EXPLAMATION TO STRENGTHEN STUDENT UNDERSTANDING
Breaking bonds and particulate attractions absorbs energy from the surroundings,
while forming new bonds and particulate attractions releases energy to the
surroundings. When an ionic solid dissolves in water, ionic bonds between cations
and anions in the ionic solid and hydrogen bonds between water molecules are
broken, and new attractions between water molecules and anions and water
molecules and cations are formed. The amount of energy required to break these
bonds and form new ones depends on the chemical properties of the particular
anions and cations. Therefore, when some ionic solids dissolve, more energy is
required to break the cation-anion bonds than is released in forming the new water-
ion attractions, and the overall process absorbs energy in the form of heat. When
other ionic compounds dissolve, the converse is true, and the bond making releases
more energy than the bond breaking absorbs, and therefore the process overall
releases heat. When heat is absorbed, the enthalpy change, g, is endothermic, and
the enthalpy change is positive. When heat is released, the change is exothermic,
and the value of ¢ is negative. The entropy change of solution formation is always
positive, regardless of whether it is endothermic or exothermic, because solutions
are much more disordered than are the pure solute and solvent from which they are
made. This positive entropy change is thermodynamically favorable.

B PREPARATION
Thermometer Sodium chloride (NaCl)
Balance Anhydrous calcium chloride (CaCl,))

100 mL graduated cylinder Anhydrous sodium carbonate *Na,CO,)

Scoops 2-8 oz polystyrene cups with wooden cover
or lid
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CALORIMETRY

Dixie cups or weighing boats Anhydrous sodium acetate (NaC,H,0,)

Magnetic stirrer with stir bars or stirring rod | Lithium chloride (LiCl)

Magnesium sulfate (MgSO,) Ammonium nitrate (NH NO,)

The solids and resulting solutions in this investigation are potential eye and

skin irritants. Calcium chloride can cause skin burns. Ammonium nitrate is a
powerful oxidizer that must be kept away from ignition sources and is quite toxic
on ingestion. You must wear gloves and splash-proof safety goggles and must use
caution throughout the experiment and adhere to all safety guidelines. If solutions
are spilled on skin, wash with copious amounts of water. Follow your teacher’s
directions for the disposal of solutions and any unused chemicals.

| PRACTICE WITH INSTRUMENTATION AND PROCEDURE
In this experiment, you will collect data that will allow you to calculate the change
of enthalpy of dissolution (also called the “heat of solution,” with symbol AH__ ,

and units of kJ/mol solute) occurring in aqueous solution. The data necessary to
calculate the heat of solution can be obtained using a device called a calorimeter.

A calorimeter is a container used to determine the enthalpy change that

occurs during a process. Calorimetry is an important technique in chemistry,

and chemists often work with devices called bomb calorimeters. For home or
classroom experiments, however, a coffee cup calorimeter is sufficient to make
rough measurements. This exercise will give you practice assembling and using a
calorimeter so that you can use one to help you determine which solid is best to

use in a hand warmer. It will also allow you to calibrate your calorimeter with a
process that supplies a known amount of heat. This calibration process allows you
to determine the amount of heat the calorimeter itself absorbs as the temperature of
the materials inside it change, a value known as a calorimeter constant.

e

=4

Part 1 {calorimetry practice)

Assemble your calorimeter on a magnetic stirrer as shown in Figure 1. Measure
out exactly 100. 0 mL water in a graduated cylinder and pour into your calorimeter.
Measure and record the temperature. of the water. Add a stir bar and turn on the
stirrer so the water is stirring without splashmg Measure 5.00 g magnesium sulfate
anhydrate solid in a plastic cup. While monitoring the tempexature of the water,

,,,,,

—_—

temperature reached. Dilute the resulting solution with water and dlspose of it
per your teacher’s instructions. Repeat the experiment. For each trial find the
temperatufe change of the water per gram magnesium sulfate, and average this
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value for the twe-trials. Check with your instructor to make sure that your average
temperature change is within 10 percent of the expected value. If it is not, repeat the
experiment, measuring and monitoring the temperature carefully and ensuring that

all of the solid is dissol\(gd/,——aﬁ'& recheck your results with-your instructor.

-

Figure 1. Calorimeter assembly

Part 2 (calorimeter calibration procedure)

Place a 100.0 mL sample of water in a clean, dry 150 mL beaker. Heat with
occasional stirring to approximately 50°C. Remove the beaker from the hot plate
and place on the lab bench. Meanwhile, place exactly 100.0 mL of cool water
(approximately 20°C) in the clean, dry calorimeter.

Measure the temperature of the hot water and the cold water and record, then
immediately pour the entire hot water sample into the calorimeter and quickly
put on the cover. Wait 15 seconds then take a temperature reading. Repeat this
determination twice.

INVESTIGATION

In today’s experiment you will design and execute an experimental procedure

to determine which of three ionic compounds is most suitable for use in a hand
warmer. Review the criteria for an ideal hand warmer from the central challenge.

For each solid you need to consider safety, cost, and environmental impact as well
as the amount of heat released or absorbed.

1. Safety and environmental impact: Obtain the Material Safety Data Sheets (MSDS)
for your three solids from your teacher. Review each one, making notes about safety
concerns, necessary precautions, and disposal.

2. Cost: Rank the solids you are given from least to most expensive.




CALORIMETRY

Substance 2012 Cost per 500 g ($)
NaCl 3.95
Cadl, 6.55
NaC,H,0, 12.90
Na,CO, 6.15
— LiCl 32.75
__ NHNO, 9.05

3. Heat of solution: Work with your group to design a procedure to compare the solids in
terms of the heat released or absorbed when they dissolve and include what materials
and equipment you will use. You must include the safety precautions you will take.

Important Procedure Tips:

. Be sure to keep detailed records of the amounts of substances used and the starting and
ending temperature as you will need it later to determine the amount of solid to use in
your hand warmer.

Z. You will receive a maximum of 10 g of each solid for this part.

gwﬁn:ﬂ‘ﬁ &, ag,mmn:mg 25 B
Wag LOLSTUHon an

Somnputalion
Calorimeter constant determination: According to the law of conservation of
energy, energy cannot be created or destroyed, only changed from one form

to another or transferred from one system to another. The temperature change
observed when water or any substance changes temperature can be a result of

a transfer of energy from the substance to the surroundings (in which case the
temperature of the substance decreases) or the surroundings to the substance (in
which case the temperature of the substance increases). When hot and cold water
are mixed the hot water transfers some of its thermal energy to the cold water. The
law of conservation of energy dictates that the amount of thermal energy lost (or
the enthalpy change) by the hot water, g, , is equal to the enthalpy change of the
cold water, q_,, but opposite in sign, so g, , = -q_ . The enthalpy change for any
substance is directly related to the mass of substance, m; the specific heat capacity
(a substance-specific constant), ¢; and the temperature change, AT. The relationship
is expressed mathematically in the equation g = mcAT. The specific heat capacity of
water is 4.184 J/°C°-g.

ta. Calculate the enthalpy change of the cold water using the equation g, , = m, cAT,

hot hot”

Assume that the density of water is exactly 1 g/mL. Is this an endothermic or
exothermic process? Explain.

' Calculate the enthalpy change of the hot water using the equation g, = m_, cAT

old = o2 o

Assume that the density of water is exactly 1 g/mL. Is this an endothermic or
exothermic process? Explain.

o

These amounts are not equal because the calorimeter (the coffee cups) absorbs some
of the thermal energy transferred by the hot water. Thus under the real conditions
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observed in the laboratory the law of conservation of energy equation becomes q, , =
~(q,,4 + q..)> where q_, is the enthalpy change of the calorimeter. Use this equation to
calculate the enthalpy change of the calorimeter.

i3, The calorimeter constant, C, is the heat absorbed by the calorimeter per degree

of temperature change, C = q_ /AT, . Assuming the starting temperature of the
calorimeter is the same as that of the cold water, calculate the calorimeter constant in
units of joules per degree Celsius.

The solid and water, considered together, have a certain amount of internal energy

as a function of the bonds that exist in the solid and in the water. The solution that is
produced as a result of the dissolving has a different amount of internal energy than the
solid and water did because the arrangement of particles and the bonds and attractions
between the particles in the solution are different bonds and particulate attractions than
the arrangement of particles and the bonds and attractions between the particles in

the solid and water. The difference in energy, g, ,, is the reason for the difference in the
thermal energy of the two systems (solid and pure water versus solution), with symbol
q,,, Just as with the hot and cold water in the calorimeter constant determination, g
and q_ are equal in magnitude and opposite in sign, 4., = =4, And just as in that
case of the cold and hot water mixing, the calorimeter will also experience an enthalpy
change during the solution formation process. To account for this enthalpy change

the relationship is adjusted to g, = —(q,,, + CAT) where Cis the calorimeter constant
determined above.

soln

This difference in thermal energy of the system before and after solution formation,
q,,, can be calculated using the relationship g = mcAT, where m is the total

mass of the solution and ¢ is the specific heat capacity of the solution and AT'is

the temperature change of the solution. It is important to note that we will assume
that the heat capacity of the solutions is the same as pure water but in reality the
solutions do not have exactly the same heat capacity, and this assumption affects the
accuracy of this determination.

Using this information, calculate q_, and q,, for all three solids you tested for your
hand warmer.

3. By convention, scientists report enthalpy changes for dissolution (and many other

i

processes) in units of kilojoules per mole of solute dissolved. Using your values of g_, ,
calculate the enthalpy in units of kilojoules per mole. This quantity has the symbol AH_, .
Calculate AH_, for each of the three solids you tested. '

. Based on the cost information provided, and your experimental work and calculations,

select which chemical you believe will make the most cost-effective hand warmer. The
hand warmer you are designing needs to increase in temperature by 20°C. Calculate the
amount of the compound you selected that would be required for a hand warmer that
meets this requirement.
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Write a paragraph in which you describe all of the factors you considered and
you explain your rationale for choosing one chemical and not each of the other
chemicals studied in this experiment. Your paragraph should start with a claim
sentence that clearly states your choice and the amount of substance to tse. The
claim should be followed by evidence from your experiment and cost and safety
analysis. The paragraph should conclude with reasoning explaining how your
evidence supports your claim.

W DOSTI AR ACCECCRIENT
POSTLAB ASSESSMENT
i. Are the dissolving processes you carried out endothermic or exothermic or neither?
Explain your thinking.

% Dissolving ionic compounds involves the separation of the solid ionic compound into
cations and anions in water. This process can be represented by an equation showing the
solid as a reactant and the aqueous ions as products. The heat of reaction AH_, is written
after the products, typically in units of kJ/mol.

Example: sodium hydroxide dissolves exothermically, releasing 44.2 kilojoules per
mole dissolved. This process is represented as NaOH(s) > Na* (aq) + OH" (aq),
AH_, = -44.2kJ/mol.

Write an equation to represent the dissolving process for each salt you studied.
Include your calculated heat of reaction as in the example.

2. Changes in matter are generally classified as physical or chemical based on whether new
substances are formed through the process. Does dissolving represent a physical change,
a chemical change, or an intermediate change? Explain your reasoning, including
evidence from the animation you viewed.

}< Share your calculated values of AH _with your classmates and obtain their values.
2. Determine the class average value and standard deviation for each solid.

b. Find the published value of AH® , for each solid and determine the percent error in
the class average value.

2. What possible sources of error could affect the accuracy of your calculated value of the
amount of solid in your hand warmer? List at least two and what effeet they would have
on the temperature change.
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ENTHALPY OF SOLUTION OF ELECTROLYTES 7f7 v
: 9 (f " <4
This table gives the molar enthalpy (heat) of solution at infinite Reference ’ S e
dilution for some common uni-univalent electrolytes. This is the
enthalpy change when 1 mol of solute in its standard state is dis- Parker, V. B., Thermal Properties of Uni-Univalent Electrolytes, Natl.
solved in an infinite amount of water. Values are given in kilojoules Stand. Ref. Data Series — Natl. Bur. Stand.(U.S.), No.2, 1965.
per mole at 25°C.
. Aml w Ax«)l w Awl H
Solute State kJj/mol Solute State kJ/mol Solute State kJ/mol
HF g —-61.50 LiBr-2H,0 c -9.41 KCIO, c 41.38
HCl g -74.84 LiBrO, c 1.42 KCIO, c 51.04
HCIO, 1 —88.76 Lil c —63.30 KBr c 19.87
HCIO, - H,0 ¢ -3295 Lil- H,0 ¢ -2966 KBrO, c 4113
HBr g —-85.14 Lil - 2H,0 c -14.77 KI c 20.33
HI g —-81.67 Lil - 3H,0 c 0.59 KIO, c 27.74
HIO, c 8.79 LiNO, ¢ -1100 KNO, c 1335
HNO, 1 -33.28 LiNO, - H,0 c 7.03 KNO, c 34.89
HCOOH 1 -0.86 LiNO, c -251 KC,H,0, ¢  -1533
CH,COOH 1 -1.51 KCN c 11.72
NaOH c —44.51 KCNO c 20.25
NH, g -30.50 NaOH - H,0 c -21.41 KCNS c 24.23
NH,CI c 14.78 NaF c 0.91 KMnO, c 43.56
NH,CIO, c 33.47 NaCl c 3.88
NH,Br c 16.78 NaClo, c 0.33 RbOH ¢ -6234
NH,I c 13.72 NaClO, - 3H,0 c 28.58 RbOH - H,0 ¢ -17.99
NH,IO, [ 31.80 NaClO, c 21.72 RbOH - 2H,0 c 0.88
NH,NO, c 19.25 NaClO, c 13.88 RbF c -26.11
NH,NO, c 25.69 NaClO, - H,0 c 2251 RbE - H,0 c ~0.42
NH,C,H,0, c -2.38 NaBr c -0.60 RbF - 1.5H,0 c 134
NH,CN c 17.57 NaBr - 2H,0 c 18.64 RbCl c 17.28
NH,CNS c 22.59 NaBrO, c 26.90 RbCIO, [ 47.74
CH,NH,CI c 5.77 Nal c -7.53 RbCIO, c 56.74
(CH,),NHCl c 1.46 Nal - 2H,0 c 16.13 RbBr c 21.88
N(CH,),Cl c 4.08 NalO, c 20.29 RbBrO, c 48.95
N(CH,) Br [ 24.27 NaNO, c 13.89 RbI c 25.10
N(CH,),1 c 42.07 NaNO, c 2050 RbNO, c 3648
NaC,H,0, ¢ -17.32
AgClO, c 7.36 NaC,H,0, - 3H,0 c 19.66 CsOH ¢ -7155
AgNO, c 36.94 NaCN c 121 CsOH - H,0 [ -20.50
AgNO, [ 22.59 NaCN- 0.5H,0 c 3.31 CsF [ -36.86
NaCN-2H,0 . c 1858 CsF-H,0 ¢ -1046
LiOH c -23.56 NaCNO c 19.20 CsF - 1.5H,0 c -5.44
LiOH - H,0 c —6.69 NaCNS$S c 6.83 CsCl c 17.78
LiF c 4.73 CsClO, c 55.44
LiCl [ -37.03 KOH c -57.61 CsBr c 25.98
LiCl-H,0 c -19.08 KOH - H,0 c -14.64 CsBrO, c 50.46
LiCIO, c -26.55 KOH - 1.5H,0 c -10.46 Csl [ 33.35
LiClO, - 3H,0 c 32.61 KF c -17.73 CsNO, [ 40.00
LiBr c —48.83 KF.2H,0 c 6.97
LiBr-H,0 c -23.26 KCl [d 17.22
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