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Introduction
In this experiment, fundamental concepts of thermodynamics will be analyzed, such as enthalpy of solution, specific heat capacity and heat of neutralization. Enthalpy, H, is “the sum of internal energy (Venkateswaran, 2013)” at constant pressure. As a reaction occurs, the enthalpy changes. The following equation represents this:
ΔH = ΔHfinal - ΔHinitial 
When ΔH is negative, the system releases energy and is therefore exothermic, however, if ΔH is positive, the system absorbs energy and is therefore endothermic. For example, a combustion reaction is exothermic, and an icepack reaction is endothermic (Venkateswaran, 2015).
	The specific heat capacity is defined as the “amount of the heat required to change its temperature of unit mass (one kilogram) of the substance by one Kelvin (Zhou, 2009).” The unit of mass used in this experiment is grams. To change the temperature of a substance, the amount of energy needed is given by the equation:
q = m × c × ΔT 
where q is the energy in Joules, m is the measured mass of the substance, c is the specific heat capacity and ΔT is the change in temperature (Tfinal – Tintial). This equation, q=mcΔT, is used in all three parts of the lab (Venkateswaran, 2015). 
In part 1, the energy lost by the metal and gained by the water must be calculated. Using the above equation and assuming that no energy is lost to the surroundings, the heat lost by the metal is equal to the heat gained by the water or:
-q (metal) = q (water)
as energy lost is negative and energy gained is positive (2015). The mass of water and solution in grams must be evaluated in parts 1 and 2. The equation:
m = d × V
represents this, where m is the mass of the solution, d is the density, assumed to be 1.00g/mL and V is the volume of either the water or solution in parts 1 and 2 respectively (2015). In this section, the experimental Molar Mass, M, must also be calculated. The following approximation made by Dulong and Petit in 1819 relates the specific heat capacity of a metal and its molar mass (2015):
cmetal × Mmetal ≈ 25 J/mol°C
Because the metal used is copper, the expected result by using this equation should be 63.55 g/mol as this is the value directly taken from the periodic table, (Venkateswaran, 2013, p. 0)	
Part 2 uses the same principles of thermodynamics as before. Since the heat produced from the reaction is equal to the heat absorbed by the solution, the equation:
qsolution = -msolution × csolution × ΔTsolution
is used, where q is the total energy of neutralization, m is the mass of the solution, c is the specific heat capacity of the solution, assumed to be equal to that of water, 4.184 J/(g·°C) and again ΔT is the change in temperature. The heat of neutralization, or q, can be used to calculate the enthalpy of the reaction per mole of substance (2015). This, is found in this equation:
Δwater H0 = qwater
                                                                                                     nwater
The expected result for the enthalpy of neutralization should be close to the theoretical value of -57.9 kJ/mol (Clarke, 2013).	
In part 3, using a similar method as in part 2, the energy released or absorbed is calculated with equation 2, and the enthalpy of dissolution is calculated by converting mass of salt, m, to moles of salt, n; n=m/M; where M is the Molar Mass of salt (2015), and using this equation:
 ΔsaltHO = 
The calculated value should be near the theoretical enthalpy of dissolution of the salt which can only be found once the identity of the salt is found.	
In each section the percent error can also be calculated with the following equation:
% error =  × 100 %


The purpose of the lab experiment is to determine the enthalpies of a metal, neutralization reaction and dissolution of a salt along with percent errors of each of the sections.

Safety Precautions

1. “Wear approved eye protection at all times.” (2015)
2. “The acid/base solutions supplied are relatively concentrated. Acids and bases are corrosive. Be careful!!” (2015)
3. Do not come into contact with hot plate. It is hot and burns will occur.
Procedure
As outlined in the Lab Manual.
Observations
Specific Heat Capacity of Metal
	
	Trial 1 
	Trial 2

	Identity of Metal
	Copper
	Copper

	Mass of Metal (g)
	10.7221 g
	13.1618 g

	Mass of empty foam cup (g)
	1.7572 g
	1.7572 g

	Molar Mass of Metal (g/mol)
	63.55 g/mol
	63.55 g/mol

	Volume of distilled water (mL)
	20.00 mL
	20.05 mL

	Specific Heat Capacity of Water (J/(g·°C)) 
	4.184 J/(g·°C)
	4.184 J/(g·°C)

	Specific Heat Capacity of Metal (J/(g·°C))
	0.334 J/(g·°C)
	0.338 J/(g·°C)

	Room Temperature
	22.30 °C
	22.30 °C

	Temperature of Boiling Water (°C)
	100.00 °C
	100.00 °C

	Initial Temperature of water (°C)
	23.7440854344
	25.2046836987

	Time:   15 s
	Temperature of water (°C)
	23.696167532
	25.1800440398

	30 s
	
	23.8152281873
	25.1800440398

	45 s
	
	23.696167532
	25.132213104

	60 s
	
	23.7673167693
	25.1568534537

	75 s
	
	23.7440854344
	25.1568534537

	90 s
	
	23.6482451334
	25.132213104

	105 s
	
	23.7440854344
	25.3003404972

	120 s
	
	23.7673167693
	25.132213104

	135 s
	
	23.7673167693
	25.3003404972

	150 s
	
	23.8631353673
	25.1568534537

	165 s
	
	23.7673167693
	25.1800440398

	180 s
	
	23.7194010095
	25.1800440398

	195 s
	
	23.7440854344
	25.1800440398

	210 s
	
	23.6482451334
	25.2046836987

	225 s
	
	23.8631353673
	

	240 s
	
	23.7673167693
	

	255 s
	
	23.7440854344
	

	270 s
	
	23.696167532
	

	Elapsed Time, Metal mixing with water
	4:15 Minutes
	3:00 Minutes

	Time:       15 s
	Temperature:                        
	26.8076220018
	29.0384772193

	30 s
	
	26.8554668013
	28.9656829778

	45 s
	
	26.927963144
	29.0384772193

	60 s
	
	26.9033137995
	29.0617746247

	75 s
	
	26.9033137995
	28.8943592839

	90 s
	
	26.9033137995
	29.0617746247

	105 s
	
	26.9033137995
	29.20596321

	120 s
	
	26.7844252851
	29.0865298651

	135 s
	
	26.8322690543
	29.0617746247

	150 s
	
	26.8322690543
	28.9423920286

	165 s
	
	26.8322690543
	29.0137254602

	180 s
	
	26.8322690543
	28.9656829778

	195 s
	
	26.8554668013
	

	210 s
	
	26.8322690543
	

	225 s
	
	26.7119386009
	

	240 s
	
	26.8076220018
	

	255 s
	
	26.8322690543
	



· Copper metal in ball and shaving shape with a brown-bronze colour.
· Water colour changed slightly to a brown-like colour.
· Positive increase in temperature moment the copper was added.
· Calorimeter was stained on inside of cup with a brown colour.
· A greater copper mass yielded a greater temperature increase.
· Trial 1 – temperature stabilized after 525 seconds.
· Trial 2 – temperature stabilized after 420 seconds.
· Condensate on outside of test tube in hot water bath. 
· Residue remained from first trial in Styrofoam even after cleaning.
Enthalpy of Neutralization – Acid 1
	
	Trial 1 
	Trial 2
	Trial 3
	Trial 4

	Identity of Acid
	HCl (aq)
	HCl (aq)
	HCl (aq)
	HCl (aq)

	Mass of empty foam cup (g)
	1.7572 g
	1.7572 g
	1.7572 g
	1.7572 g

	Volume of NaOH (mL)
	32.92 mL
	35.11 mL
	36.46 mL
	36.76 mL

	Concentration of NaOH (aq)
	1.0 mol/L
	1.0 mol/L
	1.0 mol/L
	1.0 mol/L

	Volume of acid (mL)
	32.95 mL
	35.02 mL
	36.87 mL
	36.65 mL

	Concentration of acid
	1.1 mol/L
	1.1 mol/L
	1.1 mol/L
	1.1 mol/L

	Initial Temperature of NaOH
	24.6538090162
	24.6306082988
	24.0547237813
	23.2167239931

	Time:   15 s
	Temperature of water (°C)
	24.7263076217
	24.5827549616
	23.9836111395
	23.2879465956

	30 s
	
	24.6306082988
	24.5348990375
	23.8631353673
	23.3126536857

	45 s
	
	24.6538090162
	24.3666561922
	23.9836111395
	23.3126536857

	60 s
	
	24.6306082988
	24.5348990375
	24.0315042451
	23.2879465956

	75 s
	
	24.5348990375
	24.4870404244
	23.9589374283
	23.2879465956

	90 s
	
	24.6059568964
	24.5102449427
	23.8631353673
	23.3126536857

	105 s
	
	24.6538090162
	24.5348990375
	23.9836111395
	23.3126536857

	120 s
	
	24.7263076217
	24.5348990375
	23.9836111395
	23.3126536857

	135 s
	
	24.6538090162
	24.4870404244
	23.8152281873
	23.3838603715

	150 s
	
	24.6538090162
	24.4623849043
	23.9836111395
	23.4085620476

	165 s
	
	24.6306082988
	24.5827549616
	23.9836111395
	23.4085620476

	180 s
	
	24.6538090162
	24.5102449427
	23.8631353673
	23.4318094417

	195 s
	
	24.7973511736
	24.4391790197
	23.9589374283
	23.2879465956

	210 s
	
	
	24.4391790197
	
	

	Elapsed time of Neutralization
	6:00 Minutes
	4:45 Minutes
	3:30 Minutes
	3:15 Minutes

	Time:15 s     
	Temperature
	30.6767007067
	31.2824644848
	26.545235207
	30.2420737542

	30 s
	
	31.6706097359
	31.3559190591
	30.895051138
	30.2186814235

	45 s
	
	31.6470639769
	31.3309415362
	31.0167758468
	30.2420737542

	60 s
	
	31.5249661539
	31.4044136329
	30.9434395756
	30.1222107806

	75 s
	
	31.5985099009
	31.3794301258
	30.895051138
	30.1222107806

	90 s
	
	31.6956302632
	31.3074360766
	30.9185108665
	30.0739889991

	105 s
	
	31.5985099009
	31.3794301258
	30.895051138
	30.1704415551

	120 s
	
	31.5249661539
	31.3794301258
	30.9918387317
	30.2903273122

	135 s
	
	31.5499679317
	31.2824644848
	30.9669044882
	30.1222107806

	150 s
	
	31.5735019265
	31.2824644848
	30.8217555187
	30.1455942692

	165 s
	
	31.4044136329
	31.2105044743
	30.79830601
	30.1222107806

	180 s
	
	31.4044136329
	31.1620556491
	30.8701279107
	30.0257761098

	195 s
	
	31.4279303567
	31.1620556491
	30.701602532
	30.1222107806

	210 s
	
	31.4764423317
	31.1620556491
	30.6283695512
	

	225 s
	
	31.6220497527
	31.1620556491
	
	

	240 s
	
	31.4529199009
	31.1620556491
	
	

	255 s
	
	31.3074360766
	31.0651914378
	
	

	270 s
	
	31.4279303567
	30.9434395756
	
	

	285 s
	
	31.4529199009
	31.0886696082
	
	

	300 s
	
	31.3794301258
	
	
	

	315 s
	
	31.2589645826
	
	
	

	330 s
	
	31.3559190591
	
	
	

	345 s
	
	31.3559190591
	
	
	

	360 s
	
	31.3559190591
	
	
	

	Mass of cup and solution (g)
	Not measured
	Not measured
	75.3325 g
	73.1471 g



· Both solutions of acid and base are clear.
· When mixed, a slight bubbling occurred along with mist.
· Pronounced increase in temperature when mixed.
· Calorimeter was warm to the touch.
· Slight odour once calorimeter was opened.
· This reaction is exothermic as it released heat and the temperature rose.
· Graduated cylinders containing acid/base were capped – prevent air from reacting with solutions.
· Stabilized after 510 s, 495 s, 390 s and 390 s for trials 1, 2, 3, 4 respectively.
Enthalpy of Neutralization – Acid 2
	
	Trial 1 
	Trial 2

	Identity of Acid
	HNO3 (aq)
	HNO3 (aq)

	Mass of empty foam cup (g)
	1.7572 g
	1.7572 g

	Volume of NaOH (mL)
	34.82 mL
	35.03 mL

	Concentration of NaOH (aq)
	1.0 mol/L
	1.0 mol/L

	Volume of acid (mL)
	34.94 mL
	35.46 mL

	Concentration of acid
	1.1 mol/L
	1.1 mol/L

	Initial Temperature of NaOH
	24.4391790197
	24.4145220217

	Time:   15 s
	Temperature of water (°C)
	24.3666561922
	24.5102449427

	30 s
	
	24.343447426
	24.5102449427

	45 s
	
	24.3913147212
	24.5348990375

	60 s
	
	24.2462526694
	24.5348990375

	75 s
	
	24.343447426
	24.5348990375

	90 s
	
	24.1983756667
	24.5581022393

	105 s
	
	24.2230399966
	24.4391790197

	120 s
	
	24.3666561922
	24.5348990375

	135 s
	
	24.2955770317
	24.5348990375

	150 s
	
	24.2709152825
	24.5348990375

	165 s
	
	24.1504952531
	24.3913147212

	180 s
	
	24.2462526694
	24.5348990375

	195 s
	
	
	24.5348990375

	Elapsed time of Neutralization
	5:30 Minutes
	3:30 Minutes

	Time:15 s     
	Temperature
	30.3868625646
	25.9945001317

	30 s
	
	30.6283695512
	30.6767007067

	45 s
	
	30.79830601
	30.7499491157

	60 s
	
	30.7733935887
	30.6767007067

	75 s
	
	30.7250420186
	30.7499491157

	90 s
	
	30.7733935887
	30.7733935887

	105 s
	
	30.79830601
	30.7733935887

	120 s
	
	30.895051138
	30.7733935887

	135 s
	
	30.7499491157
	30.6767007067

	150 s
	
	30.5800484505
	30.7250420186

	165 s
	
	30.6049398894
	30.79830601

	180 s
	
	30.6767007067
	30.6767007067

	195 s
	
	30.79830601
	30.6283695512

	210 s
	
	30.6767007067
	30.7733935887

	225 s
	
	30.5083172688
	30.5800484505

	240 s
	
	30.701602532
	30.6049398894

	255 s
	
	30.6532661571
	30.7250420186

	270 s
	
	30.6283695512
	30.6049398894

	285 s
	
	30.5566236271
	30.4834360071

	300 s
	
	30.6049398894
	30.5800484505

	315 s
	
	30.6049398894
	

	330 s
	
	30.5083172688
	

	Mass of cup and solution (g)
	71.9861 g
	72.9987 g



· Acid and base are clear solutions.
· Slight bubbling and misting occurred at reaction.
· Pronounced increase in temperature when mixed.
· Calorimeter was warm to the touch.
· Slight odour once calorimeter was opened.
· Since heat is released, this reaction is exothermic.
Enthalpy of Dissolution of a Salt
	
	Trial 1 
	Trial 2

	Unknown Salt
	C
	C

	Mass of Salt (g)
	1.4944 g
	1.7656 g

	Mass of empty foam cup (g)
	1.7572 g
	1.7572 g

	Volume of distilled water (mL)
	20.05 mL
	20.00 mL

	Specific Heat Capacity(SHC) of Water (J/(g·K)) 
	4.184 J/g·K
	4.184 J/g·K

	SHC of Metal in H2O (J/(g·K))
	3.877 J/g·K
	3.877 J/g·K

	Room Temperature (°C)
	22.30 °C
	22.30 °C

	Initial Temperature of water (°C)
	24.175161353
	24.5348990375

	Time:   30 s
	Temperature of water (°C)
	24.2462526694
	24.4623849043

	60 s
	
	24.1983756667
	24.4623849043

	90 s
	
	24.1983756667
	24.4623849043

	120 s
	
	24.175161353
	24.5348990375

	150 s
	
	24.1272792487
	24.4870404244

	180 s
	
	24.175161353
	24.4870404244

	Elapsed Time, Metal mixing with water
	7:00 Minutes
	5:30 Minutes

	Time:       30 s
	Temperature:                        
	22.0387981862
	23.5276924708

	60 s
	
	21.8447192472
	19.3003902929

	90 s
	
	21.2908761293
	18.4926993506

	120 s
	
	21.1694179265
	18.4674350893

	150 s
	
	20.5405759448
	18.4674350893

	180 s
	
	20.2011704491
	18.4674350893

	210 s
	
	19.8847266419
	18.4926993506

	240 s
	
	19.5190141677
	18.6397391449

	270 s
	
	19.3003902929
	18.6397391449

	300 s
	
	19.1539849786
	18.7629017459

	330 s
	
	19.1539849786
	18.8355645975

	360 s
	
	19.2752594457
	

	390 s
	
	19.4953930171
	

	420 s
	
	19.3728045879
	

	Mass of Sample + Soln
	23.0372 g
	23.3361 g



· Trial 1 – Gradual decrease in temperature as salt dissolves. The solution was not stirred until part way through.
· The salt had a small, half pea-sized chunk in it.
· Trial 2 – More pronounced immediate decrease in temperature. The solution was stirred from the start.
· The salt was a powder, no chunks.

Calculations
Part 1. Enthalpy of a Metal
1. Calculate the change in temperature of the water.
Trial 1
Givens (G):                                           Analysis (A):
	Twater initial 
	= 23.70 °C
	ΔTwater
	= Twater final  - Twater initial

	Twater final
	= 26.83 °C
	
	= 26.83 °C – 23.70 °C
= 3.13 °C


Required (R):                                        Solution (S):
	ΔTwater
	= ?
	ΔTwater
	= 3.13 °C


Trial 2
                                                                                   ΔTwater      = 3.77 °C
Phrase (P):
Therefore the change in Temperature of trial 1 was 3.13 K, and in trial 2, 3.77 K.
2. Calculate the energy gained by water.
Trial 1
G:                                                                     A:
	mwater
	= dwater × Vwater
= 1.00 g × 20.00 mL
           mL
= 20.00 g
	qwater
	= mwater · cwater · ΔTwater
= 20.00 g · 4.184 _J_ · 3.13 °C
                                       g·°C
= 261.9184 J

	cwater
	= 4.184 _J_
              g·°C
	
	= 2.62 × 102 J

	ΔTwater
	= 3.13 °C
	
	


R:                                                                     S:
	qwater
	= ?
	qwater
	= 2.62 × 102 J


Trial 2
                                                                                  qwater       = 3.16 × 102 J
P:
Therefore the energy gained by the water in trial 1 was 2.62 × 102 J and in trial 2, 3.16 × 102 J.
3. Calculate change in temperature of the metal.
G:                                                                     A:
	Tmetal initial
	= 100.00 °C
	ΔTmetal
	= Tmetal final  - Tmetal initial

	Tmetal final
	= 26.83 °C
	
	= 26.83 °C – 100.00 °C

	
	
	
	= -73.17 °C


R:                                                                     S:
	ΔTmetal
	= ?
	ΔTmetal
	= -73.17 °C


Trial 2
                                                                                ΔTmetal      = -71.03 °C
P:
Therefore, the change in Temperature of copper in trial 1 is 73.17 °C, and in trial 2, 71.03 °C.
4. Determine the Specific Heat Capacity (SHC) of the metal.
Trial 1
G:                                                                     A:
	mmetal
	= 10.7221 g
	cmetal
	= ___qmetal____ 
   mmetal · ΔTmetal

	qmetal
	= -qwater 
= -2.62 × 102 J
	
	= ___-2.62_× 102 J__ 
   10.7221 g · -73.17 °C

	ΔTmetal
	= 73.17 °C
	
	= 0.334 _J_
              g·°C


R:                                                                      S:
	cmetal
	= ?
	cmetal
	= 0.334 _J_/ (g·°C)               


Trial 2
                                      cmetal       = 0.338 _J_/ (g·°C)
P:
Therefore, the SHC of copper in trial 1 is 0.334 J / (g·°C), and trial 2, 0.338 J / (g·°C). 
5. Approximate calculation of Molar Mass
Trial 1
G:                                                                     A:
	cmetal
	= 0.334 J / (g·°C)              
	Mmetal
	= c1 mole metal 
       cmetal

	c1 mole metal
	= 25 J / (mol°C)
	
	= 25.0__ J__  ×    1 g·°C _
           mol·°C      0.334 J 

	
	
	Mmetal
	= 74.88 g/mol


R:                                                                      S:
	Mmetal
	= ?
	Mmetal
	= 74.88 g/mol


Trial 2
                                                                                 Mmetal      = 73.90 g/mol
P:
Therefore, the calculated molar mass of copper in trial 1 is 74.88 g/mol and in trial 2 it is     73.90 g/mol. 

6. Percent Error of Calculated SHC and Molar Mass
Average Calculated SHC
G:                                                                     A:
	cmetal trial 1
	= 0.334 J / (g·°C)              
	cmetal
	= cmetal trial 1 + cmetal trial 2
                     2

	cmetal trial 2
	= 0.338 J / (g·°C)
	
	= [0.334 × 0.338] J / (g·°C)
                         2

	
	
	
	= 0.336 J / (g·°C)


R:                                                                     S:
	cmetal
	= ?
	
	= 0.336 J / (g·°C)


Percent Error of Specific Heat Capacity (SHC)
G:
	cmetal experimental
	= 0.336 J / (g·°C)              
	% error
	= cmetal experimental – cmetal theoretical ×100%
                 cmetal theoretical

	cmetal theoretical
	= 0.385 J / (g·°C)
(Lide, 2010)
	
	= [0.336 - 0.385] J / (g·°C)  × 100 %
            0.385 J / (g·°C)

	
	
	
	= 12.73 %


R:
	% error
	= ?
	% error
	= 12.73 %


Average Calculated Molar Mass
G:                                                                     A:
	Mmetal trial 1
	= 74.88 g/mol
	Mmetal
	= Mmetal trial 1 + Mmetal trial 2
                      2

	Mmetal trial 2
	= 73.90 g/mol
	
	= [74.88 + 73.90] g/mol
                      2

	
	
	Mmetal
	= 74.39 g/mol


R:                                                                     S:
	Mmetal
	= ?
	Mmetal
	= 74.39 g/mol


Percent Error of Calculated Molar Mass
G:                                                                     A:
	Mmetal experimental
	= 74.39 g/mol              
	% error
	= Mmetal experimental – Mmetal theoretical ×100%
                 cmetal theoretical

	Mmetal theoretical
	= 63.55 g/mol
	
	= [74.39-63.55] g/mol  × 100 %
            63.55 g/mol

	
	
	
	= 17.06


R:                                                                     S: 
	% error
	= ?
	% error
	= 17.06 %


P:
Therefore, the average calculated specific heat capacity is 0.336 J / (g·°C), and the average calculated Molar Mass is 74.39 g/mol. The % error of the SHC is -12.73 % and 17.06 % error for the calculated Molar Mass.
7. See discussion paragraph 1.

Part 2. Enthalpy of Neutralization
8. Calculate the change in temperature of the solution.
Trial 3 – Acid 1: HCl (aq)
G:                                                                     A:
	Tsolution initial 
	= 23.96 °C
	ΔTsolution
	= Tsolution final  - Tsolution initial

	Tsolution final
	= 30.63 °C
	
	= 30.63 °C – 23.96 °C

	
	
	
	= 6.67 °C


R:                                                                     S:
	ΔTsolution
	= 23.96 °C
	ΔTsolution
	= 6.67 °C


Trial 1 – Acid 1: HCl (aq)
                                                                             ΔTsolution      = 6.56 °C
Trial 2 – Acid 2: HCl (aq)
                                                                             ΔTsolution      = 6.65 °C
Trial 4 – Acid 1: HCl (aq)
                                                                             ΔTsolution      = 6.83 °C
Trial 1 – Acid 2: HNO3 (aq)
                                                                             ΔTsolution      = 6.26 °C
Trial 2 – Acid 2: HNO3 (aq)
                                                                             ΔTsolution      = 6.05 °C
P: 
Therefore, for hydrochloric acid reaction, the change in temperature of Trial 3 is 6.67 °C, Trial 1, 6.56 °C, Trial 2, 6.65 °C and in Trial 4, 6.83 °C. For the sulphuric acid reaction, the change in temperature is 6.26 °C for Trial 1 and 6.05 °C in Trial 2.
9. Calculate the Volume of the final solution.
Trial 3 – Acid 1: HCl (aq)
G:                                                                     A:
	VNaOH 
	= 36.46 mL
	Vsolution3
	= VNaOH  + VHCl

	VHCl
	= 36.87 mL
	
	= 36.46 mL + 36.87 mL


R:                                                                     S:
	Vsolution
	= ?
	Vsolution3
	= 73.33 mL


Trial 1 – Acid 1: HCl (aq)
                                                                              Vsolution1      = 65.87 mL
Trial 2 – Acid 1: HCl (aq)
                                                                              Vsolution2      = 70.13 mL
Trial 4 – Acid 1: HCl (aq)
                                                                              Vsolution4      = 73.41 mL
Trial 1 – Acid 2: HNO3 (aq)
                                                                              Vsolution5      = 69.76 mL
Trial 2 – Acid 2: HNO3 (aq)
                                                                              Vsolution6      = 70.49 mL
P:
Therefore, the final volume of solution for solution of acid 1, trial 3 is 73.33 mL, trial 1, 65.87 mL, trial 2, 70.13 mL and trial 4, 73.41 mL. For acid 2, the final volume for trial 1 was 69.76 mL and trial 2, 70.49 mL.
10.  Calculate the mass of the final solution.
Trial 3 – Acid 1: HCl (aq)
G:                                                                     A:
	Vsolution3 
	= 73.33 mL
	msolution3
	= dsolution3 × Vsolution3

	dsolution3
	= 1.00 g/mL
	
	= 1.00 g/mL × 73.33 mL

	
	
	msolution3
	= 73.33 g


R:                                                                     S:
	msolution3
	= ?
	msolution3
	= 73.33 g


Trial 1 – Acid 1: HCl (aq)
                                                                             msolution1      = 65.87 g
Trial 2 – Acid 1: HCl (aq)
                                                                             msolution2      = 70.13 g 
Trial 4 – Acid 1: HCl (aq)
                                                                             msolution4      = 73.41 g
Trial 1 – Acid 2: HNO3 (aq)
                                                                              msolution5      = 69.76 g
Trial 2 – Acid 2: HNO3 (aq)
                                                                              msolution6      = 70.49 g
Calculate mass of solution using measured masses.
Trial 3 – Acid 1: HCl (aq)

G:                                                                     A:
	mcup+solution 
	= 75.3325 g
	msolution3
	= mcup+solution - mcup

	mcup
	= 1.7572 g
	
	= 75.3325 g – 1.7572 g

	
	
	msolution3
	= 73.5753 g


R:                                                                     S:
	msolution3
	= ?
	msolution3
	= 73.5753 g


Trial 1 – Acid 1: HCl (aq)
                                                                             msolution1      = not measured
Trial 2 – Acid 1: HCl (aq)
                                                                             msolution2      = not measured
Trial 4 – Acid 1: HCl (aq)
                                                                             msolution4      = 71.3899 g
Trial 1 – Acid 2: HNO3 (aq)
                                                                              msolution5      = 70.2289 g
Trial 2 – Acid 2: HNO3 (aq)
                                                                              msolution6      = 71.2415 g
In each case the measured mass is always higher than the calculated mass using the volume, where the closest value is from Trial 3 – Acid 1: HCl (aq). For the sake of accuracy, the mass measured using the analytical balance will be used in the following calculations, except for trials 1 and 2 of HCl. See discussion paragraph 2 and 4 for more details.
P: 
Therefore the masses of solutions measured using volume and measured mass respectively are: Trial 3 – Acid 1: 73.33 g and 73.5753 g; Trial 4 – Acid 1: 73.41 g and 71.3899 g; Trial 1 – Acid 2: 69.76 g and 70.2289 g; Trial 2 – Acid 2: 70.49 g and 71.2415 g. 
11. Calculate the energy released, c=4.184 J / (g·°C)
Trial 3 – Acid 1: HCl (aq)
G:                                                                     A:
	msolution1 
	= 73.5753 g
	qsolution1
	= -msolution1 × csolution1 × ΔTsolution1

	csolution1
ΔTsolution1
	= 4.184 J / (g·°C)
= 6.67 °C 
	
	= -73.5753 g × 4.184 _J_ × 6.67 °C
                                    g·°C

	
	
	
	= -2.053 × 103 J


R:                                                                     S:
	qsolution1
	= ?
	qsolution3
	= -2.05 × 103 J


Trial 1 – Acid 1: HCl (aq)
                                                                             qsolution1      = -1.81 × 103 J
Trial 2 – Acid 1: HCl (aq)
                                                                             qsolution2      = -1.95 × 103 J
Trial 4 – Acid 1: HCl (aq)
                                                                             qsolution4      = -2.04 × 103 J
Trial 1 – Acid 2: HNO3 (aq)
                                                                              qsolution5      = -1.84 × 103 J
Trial 2 – Acid 2: HNO3 (aq)
                                                                              qsolution6      = -1.80 × 103 J
P: 
Therefore, the energy released from the reaction is -2.05 × 103 J for trial 3 – Acid 1, -1.81 × 103 J for trial 1-acid 1, -1.95 × 103 J for trial 2, -2.04 × 103 J for Trial 4, -1.84 × 103 J for Trial 1 – Acid 2, and for Trial 2 – Acid 2, -1.80 × 103 J.
12.  Calculate the amount (mol) of the limiting reagent.
①NaOH (aq) + HCl (aq)  NaCl (aq) + H2O (l)
②NaOH (aq) + HNO3 (aq)  NaNO3 (aq) + H2O (l)
G:                                                                     A:
	CNaOH 
	= 1.0 mol/L
	nNaOH1
	= CNaOH  × VNaOH1


	VNaOH1

	= 36.46 mL
= 0.03646 L 
	
	= 1.0 mol × 0.03646 L
             L

	
	
	
	= 3.6 × 10-2 mol 


R:                                                                     S:
	nNaOH1
	= ?
	nNaOH 3
	= 3.6 × 10-2 mol


Trial 1 – Acid 1: HCl (aq)
                                                                                nNaOH 1      = 3.2 × 10-2 mol
Trial 2 – Acid 2:HCl (aq)
                                                                                nNaOH 2      = 3.5 × 10-2 mol
Trial 4 – Acid 1: HCl (aq)
                                                                                nNaOH 4      = 3.6 × 10-2 mol
Trial 1 – Acid 2: HNO3 (aq)
                                                                                 nNaOH 5      = 3.4 × 10-2 mol
Trial 2 – Acid 2: HNO3 (aq)
                                                                                 nNaOH 6      = 3.5 × 10-2 mol
P: 
Therefore, the moles of NaOH calculated are 3.6 × 10-2 mol, 3.2 × 10-2 mol, 3.5 × 10-2 mol, 3.6 × 10-2 mol, 3.4 × 10-2 mol and 3.5 × 10-2 mol for acid 1, trials 3, 1, 2, 4 and acid 2 trials 1, 2, all respectively.
13.  Calculate the moles of water formed
A:
Since the moles of NaOH have been calculated and the molar ratio between NaOH and H2O in reactions ① and ② is both 1 to 1, the moles of NaOH = the moles of H2O produced, therefore:
S: 
nwater 3 = nNaOH 3
             = 3.6 × 10-2 mol
nwater 1 = 3.2 × 10-2 mol
nwater 2 = 3.5 × 10-2 mol
nwater 4 = 3.6 × 10-2 mol
nwater 5 = 3.4 × 10-2 mol
nwater 6 = 3.5 × 10-2 mol
P:
Therefore, above shows the amount of moles of water produced.

14. Determine Heat of Neutralization of Water.
Trial 3 – Acid 1: HCl (aq)
G:                                                                     A:
	nwater 1
	= 3.6 × 10-2 mol
	Δwater H0
	= qwater 1 
   nwater 1

	qwater 1 

	= -2.05 × 103 J
= -2.05 kJ
	
	= __-2.05 kJ__
   3.6 × 10-2 mol


R:                                                                     S:
	Δwater H0
	= ?
	Δwater H03
	= -56.32 kJ/mol


Trial 1 – Acid 1: HCl (aq)
                                                                           Δwater H01      = -56.56 kJ/mol
Trial 2 – Acid 1: HCl (aq)
                                                                           Δwater H02      = -55.71 kJ/mol
Trial 4 – Acid 1: HCl (aq)
                                                                           Δwater H04      = -55.50 kJ/mol
Trial 1 – Acid 2: HNO3 (aq)
                                                                           Δwater H05      = -52.83 kJ/mol
Trial 2 – Acid 2: HNO3 (aq)
                                                                           Δwater H06      = -51.48 kJ/mol
Average Heat of Neutralization for each acid
HCl – trials 3 and 4
G:
	Δwater H01
	= -56.32 kJ/mol              
	Δwater H0
	= Δwater H01 + Δwater H02
                     2

	Δwater H02
	= -55.50 kJ/mol
	
	= [-56.32 + -55.50] kJ/mol
                         2


R:
	Δwater H0
	= ?
	Δwater H03,4
	= -55.91 kJ/mol


                        Δwater H01,2    = -56.135 kJ/mol

HNO3
                            Δwater H0    = -52.16 kJ/mol
P: 
Therefore, the heat of neutralization of water is -56.32 kJ/mol for trial 3, -55.50 kJ/mol for trial 4, -52.83 kJ/mol for acid 2 trial 1, and -51.48 kJ/mol for trial 2. The average heat for HCl is           -55.91 kJ/mol and -52.16 kJ/mol for HNO3. 
15.  The heats of neutralization per mole of water for Acid 2 reactions are lower than those calculated for Acid 1. See paragraph 2 of discussion for more details.
16.  Percent error of experimental value of heat of neutralization. 
Trial 3 – Acid 1: HCl (aq)
G:                                                                     A:
	Δwater H01 exper.
	= -56.32 kJ/mol
	% error
	= Δwater H01 exper. – Δwater H01theor. ×100%
                 Δwater H01 theor.

	Δwater H01 theor.
	= -57.9 kJ/mol (Clarke, 2013)
	
	= -56.32 kJ/mol – (-57.9 kJ/mol) ×100%
                   -57.7 kJ/mol

	
	
	
	= 2.74 %


*exper. = experimental, theor. = theoretical
R:                                                                     S:
	% error
	= ?
	% error
	= 2.74 %


Trial 1 – Acid 1: HCl (aq)
                                                                              % error      = 2.31 %
Trial 2 – Acid 1: HCl (aq)
                                                                              % error      = 3.78 %
Trial 4 – Acid 1: HCl (aq)
                                                                              % error      = 4.15 %
Trial 1 – Acid 2: HNO3 (aq)
                                                                              % error      = 8.76 %
Trial 2 – Acid 2: HNO3 (aq)
                                                                              % error      = 11.09 %
P: 
Therefore, the percent error of the trials were 2.74 % for Trial 3 – Acid 1, 2.31 % for Trial 1 – Acid 1, 3.78 % for Trial 2 – Acid 1, 4.15 % for Trial 4 – Acid 1, 8.76 % for Trial 1 – Acid 2 and 11.09 % for Trial 2 – Acid 2. Using a similar method as question 15 for average, the average percent error of HCl is 3.445 % for trials 3 and 4, 3.045 % for trials 1 and 2, and the average for HNO3 is 9.925 %. 
17. The percent error of the heat of neutralization of water differed between the 2 reactions by roughly 7 % if an average were taken of Acid 1 trials and Acid 2 trials. See paragraph 2 of discussion for more details.
Part 3. Enthalpy of Dissolution of a Salt
18. Determine the change in temperature of the solution.
Trial 1
G:                                                                     A:
	Tsolution initial 
	= 24.18 °C
	ΔTsolution
	= Tsolution final  - Tsolution initial

	Tsolution final
	= 19.37 °C
	
	=19.37 °C – 24.18 °C

	
	
	
	= -4.81 °C


R:                                                                     S:
	ΔTsolution
	= ?
	ΔTsolution1
	= -4.81 °C


Trial 2
                                                                            ΔTsolution2      = -5.65 °C
P:
Therefore, the change in temperature for trial 1 is -4.81 °C and in trial 2 it was -5.65 °C.
19.  Calculate the energy released/absorbed by the salt (q) and solution.
Trial 1
G:                                                                     A:
	msalt 
	= 1.4944 g 
	qsalt
	= msalt × csalt+solution × ΔTsolution1

	csalt+solution
	= 3.877 _J_
              g·°C
	
	= 1.4944 g × 3.877 _J_  × -4.81 °C
                                 g·°C

	ΔTsolution1
	= -4.81 °C
	
	= -27.87 J


R:                                                                     S:
	qsalt
	= ?
	qsalt
	= -27.87 J


Trial 2
                                                                                     qsalt      = -38.68 J

20. Energy released/absorbed by the water
G:                                                                     A:
	mcup+solution 
	= 23.0372 g 
	qwater
	= msalt × cwater × ΔTsolution1

	mcup
	= 1.7572 g
	
	= 21.2800 g × 4.184 _J_  × -4.81 °C
                                   g·°C

	msolution
	= mcup+solution - mcup
= 21.2800 g
	
	= -428.26 J

	cwater
	= 4.184 _J_
              g·°C
	
	

	ΔTsolution1
	= -4.81 °C
	
	


R:                                                                     S:
	qwater
	= ?
	qwater
	= -428.26 J


Trial 2
                                                                                   qwater      = -510.12 J
P: 
Therefore, the energy released in trial 1 is -27.87 J for the salt and -428.26 J for the water, and in trial 2 it is -38.68 J for the salt and -510.12 J for the water. 
21.  Calculate the enthalpy of dissolution, ΔsHO, per mole of salt.
G:                                                                     A:
	qwater 
	= -428.26 J 
	nsalt1
	= msalt / Msalt

	qsalt
	= -27.87 J
	
	= 1.4944 g / (101.11g/mol)

	msalt
	= 1.4944 g
	
	= 1.4780 × 10-2 mol

	Msalt
	= 101.11 g/mol
	ΔsHO
	= (-qwater) + (-qsalt)
               nsalt

	
	
	
	= -(-428.26 J) + -(-27.87 J)
          1.4780 × 10-2 mol

	
	
	
	= 3.086 × 104 J/mol

	
	
	
	= 30.86 kJ/mol


R:                                                                     S:
	nsalt1
	= ?
	nsalt1
	= 1.4780 × 10-2  mol

	ΔsHO1
	= ?
	ΔsHO1
	= 30.86 kJ/mol


Trial 2
                                                                                   nsalt2       = 1.7367 × 10-2 mol
                                                                                 ΔsHO2    = 31.60 kJ/mol
P:
Therefore the enthalpy of dissolution of the salt in trial 1 was is 30.86 kJ/mol and in trial it was 31.60 kJ/mol. 
22. Percent error of enthalpy of dissolution.
Based on the given data, the molar mass of salt C is 101.11 g/mol [3]. The salt KNO3 has the same molar mass as this value, and specific heat capacity of solution.
G:                                                                     A:
	ΔsHO1 exper.
	= 30.86 kJ/mol
	% error
	= ΔsHO1 exper.– ΔsHO1 theor.  × 100 %
             ΔsHO1 theor.

	ΔsHO1 theor.
	= 34.89 kJ/mol  (Lide, 2010)
	
	= [30.86 – 34.89] kJ/mol  × 100 %
               34.89 kJ/mol

	
	
	
	= 11.55 %


*exper. = experimental, theor. = theoretical
**Theoretical value taken from source 5.
R:                                                                     S:
	% error
	= ?
	% error
	= 11.55 %


Trial 2
                                                                              % error      = 9.43 %

P:Therefore, the percent error based on literature values is 11.55 % for trial 1 and 9.43 % for trial 2.



Discussion
	In part 1, the experimental specific heat capacity, SHC, of copper is 0.336 J / (g·°C). The literature value is 0.385 J / (g·°C), which yields a percent error of 12.73 % (Zhou, 2009). Using equation 5, the experimental Molar Mass was 74.39 g/mol, yielding 17.06 % error, as the theoretical value is 63.55 g/mol (Venkateswaran, 2013). The values obtained are relatively close to the theoretical values and the deviation can be explained by the sources of error discussed in paragraph 4. The mass of the metal used does not make a huge difference as the experimental specific heat capacity differed between the 2 trials by roughly 0.004 J/(g·°C) even as the mass differed by 3 grams. Because of the close SHC values, the calculated molar mass values were also very close, slightly less than 1 g/mol difference. This means that some energy was lost to the surroundings or to the calorimeter. Even though calculating the q value for both trials yields a higher number for the trial with a higher mass, to obtain ΔH, the value of q is divided by a greater number of moles.
	In part 2, the experimental enthalpy of neutralization of HCl was -56.32 kJ/mol and          -55.50 kJ/mol for trials 3 and 4 respectively and -56.56 kJ/mol and -55.71 kJ/mol for trials 1 and 2 of HCl. The theoretical literature value was -57.9 kJ/mol which yields a percent error of 2.74 % for trial 3 and 4.15 % for trial 4, 2.31 % for trial 1 and 3.78 % for trial 2 (Lide, 2010). The average of the enthalpy values gives -55.91 kJ/mol with a percent error of 3.445 %, and -56.135 kJ/mol with a percent error of 3.045 %. The values between the 2 trials were very close to one another, which indicates that the trials were successful, however it is evident that the trials where the mass of the solution was approximated using the density had a lower percent error. This is due to a lower volume of solution of NaOH used than all other trials. Any deviations from the theoretical value are explained in the fourth paragraph. The nitric acid values for enthalpy of neutralization is -52.83 kJ/mol and -51.48 kJ/mol for trials 1 and 2 respectively. These trials gave a percent error of 8.76 % and 10.78 %. The mass measured for each of the solutions is more accurate than using the volume measured and converting it to a mass because the volume measured is an estimate and the density of the solution itself is not exactly 1.00 g/mL – it changes as a function of temperature. At 25 °C, the density of water is roughly 0.997 g/mL (PNAS, 2007). Also, the analytical balance is accurate to 4 decimal places whereas the graduated cylinder is only accurate to 2. Using the volume instead of the measured mass would result in an error in calculations. Even though the percent error for trials 1 and 2 for HCl were lower than 3 and 4, and the mass was calculated in the first 2 trials using density and volume, which is an inaccurate representation of the system; the density of NaCl (aq) and water is greater Similar to the HCl (aq), the HNO3 (aq) yield for enthalpy of neutralization for both trials was very close, however, the enthalpies are less than those from the HCl (aq), roughly 4-6 kJ/mol difference. The percent error was also higher with this acid compared to the HCl (aq). Ultimately, the volume of base used had no effect in the final values calculated because it was the limiting reagent. The molar enthalpy for each acid was very similar from one trial to the next. These deviations between the two acids were expected along with the percent errors that occurred for both HCl (aq) and HNO3 (aq). In viewing the chemical formulas of the 2 acids, HCl (aq) + NaOH (aq) can only produce NaCl (aq) and H2O whereas in the HNO3 reaction, a side reaction may occur such as the production of NO2 (PNAS). As mentioned in the observations, the reaction was exothermic, thereby producing heat, and if side reactions occur, some of this heat would be taken to cause a side reaction.
	In part 3, the enthalpy of dissolution of a salt was found to be 30.86 kJ/mol in trial 1 and 31.60 kJ/mol. As mentioned the salt is KNO3 (s) based on it having a molar mass of 101.11 g/mol and having a specific heat capacity in solution of 3.877 J/(g°C) (Venkateswaran, 2015), (Lide, 2010), (Olofsson, 1979). Using these values along with the theoretical enthalpy of 34.89 kJ/mol, the percent error was 11.55 % and 9.43 % for trials 1 and 2 respectively. Because the calculated values of enthalpy of dissolution and, as result, the percent error, the mass of salt used did not affect the result. It is noted in the data tables that 1.4944g and 1.7656g were used. The second trial had more salt than the first, however the enthalpy was very similar. It should not affect the result, how much mass of salt was used, because enthalpy is in kJ/mol. As previously mentioned, a greater mass produces more kiloJoules of energy but that value is also divided by a greater number of moles. This reaction was endothermic, and because the salt is KNO3 (aq)
	The sources of error are prevalent in all trials. The calculated enthalpy in each section is lower than the theoretical value. In all parts the calorimeter used was a coffee cup calorimeter which means energy was lost either to the surroundings or to the calorimeter. This assumption is valid because compared to an oxygen bomb calorimeter, a coffee cup calorimeter is not an isolated system. An isolated system is a system where neither energy nor matter can escape (Venkateswaran, 2015). In part 1, the molar mass is greater because the SHC value calculated was lower. To find the Molar Mass, the value 25 J/mol°C is divided by the calculated SHC, therefore dividing a number by a smaller number yields a greater number. For example, 25/2 = 12.5, but 25/1=25. In part 2, the source of error is not only the calorimeter, but also because there was some copper residue remaining in the coffee cup after cleaning which may have reduced the enthalpy produced, however, the residue was completely gone after the first trial of HNO3 (aq). This explains the slight percent error of the HCl (aq) trials. Also, in trials 1 and 2, the mass of the cup and solution were not measured therefore the mass of solution had to be estimated using m=density × volume. As the volume is measured by reading the graduated cylinder, that is one source of error. If the value measured was higher, it would yield a higher mass and would lower the percent error as the amount of moles of NaOH would be greater and the molar enthalpy would be lower. Conversely, if the volume measured was less than the actual, the opposite is also true. Also, the density of saline solutions is not one. The values range from 1.00-1.06, for mass percent up to 20 % NaCl (Schullery, 2015). In higher concentrations, the density would be higher. As such because the density was assumed to be equal to 1.00 g/mol, even though that is not true, the amount of moles of salt calculated would also be lower. This contributes to a higher molar enthalpy value because the q is divided by a smaller number. This explains the apparently more successful, inaccurately measured mass trials. The HNO3 trials had a greater percent error most likely due to the polyatomic ion NO3+, nitrate, which, as mentioned previously, can produce side reactions that takes some of the energy produced by the neutralization reaction, thus yielding a lower ΔH value. In part 3, the average percent error is 10.49 %, using the same method for calculating average as calculation 6. As the salt is KNO3 (s), again side reactions could have occurred, and because the reaction is by nature endothermic as ΔH is positive, any side reactions would have used more energy, which explains why these reactions have the highest percent error values. 
Conclusion
	The result for part 1 was 0.334 kJ/mol and 0.338 kJ/mol for trial 1 and 2, average is 0.336 kJ/mol. The percent error was 12.73 % for the average SHC and 17.06 % error for the Molar Mass. For part 2, the enthalpy was -56.32 kJ/mol, -55.50 kJ/mol, -56.56 kJ/mol, and -55.71 kJ/mol for acid 1, HCl (aq), trials 3, 4, 1, 2 respectively, and -52.83 kJ/mol and -51.48 kJ/mol, for acid 2, HNO3 (aq), trials 1 and 2 respectively, with percent errors of 2.39 %, 3.81 %, 8.44 % and 10.78 %. The average for HCl (aq) is -55.91 kJ/mol with 3.10 % error, and HNO3 (aq), -52.16 % with 9.61 % error. In part 3, the enthalpy was 30.86 kJ/mol and 31.60 kJ/mol with 11.55 % and 9.43 % error, all for trial 1 and 2 respectively. The average was 31.33 kJ/mol and 10.49 % error for the salt.
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