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AP® Chemistry 2023 Scoring Guidelines

Question 3: Long Answer 10 points
(a) For the correct balanced equation (state symbols not required): 1 point
Accept one of the following:
e CaCOs(s) + 2H" (ag) — Ca**(aq) + CO,(g) + H,0())
e CaCO;(s) + 2H;0" (aq) — Ca2+(aq) + CO,(g) + 3 H,0())
(b) For a correct explanation: 1 point
Accept one of the following:
e Even though the concentration of HCl is greater in trial 5 than in trial 2, the
reaction time is significantly longer. Both trial 2 and 5 occur under otherwise
identical conditions. The trend for trial 1 and 4 indicates that the higher
concentration of HCI results in a shorter time of reaction.
o  The time of reaction in trial 5, with small chunks of calcium carbonate, is longer
than trial 6 with large chunks. Both trial 5 and 6 occur under otherwise identical
conditions. The trend for trials 1, 2, and 3 shows that larger chunks of the solid
result in longer time of reaction.
(¢) For a correct explanation of the effect of surface area on reaction time: 1 point
The time of reaction in trial 2 is shorter than that in trial 3 because the calcium carbonate
in trial 2 has a larger surface area (meaning that more particles of calcium carbonate are
exposed to the H* particles in the solution).
For a correct explanation of the effect of particle collisions on reaction rate: 1 point
The larger interface between the two reacting substances means there will be more
collisions between the particles in a given amount of time, and thus, a higher frequency of
successful collisions in which the particles react to form the products.
Total for part (c) 2 points
(d) For the correct answer and a valid justification: 1 point

Accept one of the following:

e Disagree. If the reaction was zeroth order with respect to HCl, then changing the
concentration of HCl would not affect the rate of reaction, and the time of reaction
would be the same for trials in which the only difference was [HC1]. The student’s
data for trials 1 and 4 (likewise for 3 and 6) show that changing [HCI]
significantly alters the time of reaction.

o Disagree. The reaction appears to be first order, not zeroth order, with respect to

[HCI]. Tripling [HCI] results in a reaction time that is 1/3 of that when [HCI] =

1.00 M, which means the reaction rate has also tripled, indicating a first-order
process.

© 2023 College Board



AP® Chemistry 2023 Scoring Guidelines

(e) For the correct calculated moles of HCI reacted (may be implicit): 1 point
I mol
1.00 g CaCO; x 10009g 0.00999 mol CaCO,
2 mol HCI
. 1 ————=10.02 1 HCI
0.00999 mol CaCO5 x [mol CaCO, 0.0200 mol HCl reacted
For the correct calculated [HCI] remaining, consistent with the number of moles reacted: 1 point
0.0500 L x %EIHCI — 0.0500 mol HCl initially present
0.0500 mol — 0.0200 mol = 0.0300 mol remaining
0.0300 mol _ .
0.0500L 0.600 M HCI remaining
Total for part (¢) 2 points
® For the correct answer and a valid justification: 1 point
Exothermic. The solution temperature increases as the reaction proceeds.
(g) (i) For the correct calculated value (sign not required): 1 point
Gy = McAT = (51.0 g)(4.0g_+c)(21.90°c —21.20°C) =140 ]
(ii) For the correct calculated value, consistent with (g)(i), and the correct sign, consistent with 1 point
(®:
Gyys = ~Qgur = —140 1 = ~0.14 kJ
1 mol CaCOj lmol,,
1.00 g CaCO; x 100.09 g CaCo0, X Trol CaCO; 0.00999 mol,.,,,
-0.14 kJ

AHC, =——22X
1~ 0.00999 mol

rxn

= -14 kJ/mol,,,

Total for part (g) 2 points

Total for question 3 10 points

© 2023 College Board



Sample 3A 1 of 4

Question 3

Begin your response to QUESTION 3 on this page.
3. Answer the following questions about an experiment in which CaCOj;(s) is combined with HCl(ag), represented
by the following balanced equation.
CaCO4(s) + 2HCl(ag) — CaCly(aq) + CO(g) +Hy0(l)
(a) Write the balanced net ionic equation for the reaction.
R, 0
Calseqy } LRy — CP P 7T

A student performs an investigation to study factors that affect the rate of the reaction. In each trial the student
combines 50.0 mL of HCl(aq) at 21.2° C with 1.00 g of CaCO4(s) and measures the time required for the

reaction to go to completion, The data are given in the following table.

Trial Concentration of Particle Size of | Time of Reaction

HCl(aq) (M) CaCO4(s) (s)

1 1.00 Fine powder 67

2 1.00 Small chunks 112

3 1.00 Large chunk 342 -

4 3.00 Fine powder 2

5 3.00 Small chunks 227

6 3.00 Large chunk 114

(b) The student correctly identifies that trial 5 is inconsistent with the other trials. Explain why the student’s claim
is correct using the data in the table. The SNt 'S claim S correer becavse Hu Hre
oF reeeron foe geall chunies snadd be berween Hur of Fine Fpﬂp‘&f-

and farde mun\es. Tn trial 2, b Hre was NZS for small Cho‘ﬂkj" jin berween
He b3s For Eine Peudcr at Ho ame (UCl] angd BU2S Por lorse e nie aF Hre
same CUdil, Zn pria 5, however, toe reachon bt 045 22%s,

Guaky WA pobn pHur Friaw with [ned =3.0m having hred OF 225

arnd Us Pyr Prre waﬁl« ard a lare, Chunle, ’wf?t&l-iv"fflyrwhfah
goes 2gaingt e teend.
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Sample 3A 2 of 4

u..'l'l. 3

Continue your response to QUESTION 3 on this page.

(¢) Based on the reaction conditions and the collisions that occur between particles, explain the reason for the
difference in the reaction times for trial 2 and trial 3.

MHndgn Kot {HEN] mos Hae Sare b mals Zand 3, He staller parhiche
Si2eC of Frial ?«‘s"._,,M“ L =5 ﬁmpard le Frial:-3i1¢ l"x.'. ahmlf 177¢ resgey
Hne %UTF‘“- arem o€ Hee, Cally, Havs iNereasing Ma number OF (alo

" / 3 3
Cxpdd to Nisiong kv HE\ Paciacles and iNceeasing (he reacken raje
For trial 2 05 targ cffecive colisiond can owue at & kime, Hectasivyg he
tire bor He veockion to go k. complekion in Fraal 2.

(d) The student claims that the reaction is zero order with respect to HC(ag). Do you agree or disagree with the
student’s claim? Justify your answer using the student’s data. = a’fj‘yru. Compearinrg
Teints | and 3 wikh Mals Y and b shews Het ‘ab three 0088 Hoe
coreontma-on of Hel, Ht reutrion ime Weak A0 wn by,a;, Fackor o€
Hhree, ThiS relakionship imglics o Firsk - ordor KIGHLS, 05 Hy
Orentaron of HCU does ofbeet Hu remchion rak oy olntior
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WOUd Shew o cate wféec e d by We coneom braton of HCL,

(e) The HCl(ag) was present in excess in all trials of the experiment. Determine the molarity of the HCl(ag) in
the beaker after the reaction is complete in trial 2. Assume that the volume of the mixture remains constant at
50.0 mL throughout the trial. (The molar mass of CaCO4 is 100.09 g/mol.)
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Question 3

Sample 3A 3 of 4

Continue your response to QUESTION 3 on this page.
CaCOj3(s) + 2HCl(ag) — CaCly(ag) + CO,(g) + H,0()

In order to measure the enthalpy of the reaction shown, the student repeats trial 1 by mixing 50.0 mL of HCl(aq)
with 1.00 g of CaCOs4(s) using a coffee cup calorimeter. The student records the temperature of the system every

20 seconds. The data are given in the following table.

Time (s) Measured Temperature of

Solution (°C)

21.20

21.51

21.70

21.85

Elg8|&|8|=

21.90

100

21.90

(f) Is the reaction endothermic or exothermic? Justify your answer using the information in the table.
The reaekan 5 exoHermic. Qb bpe = 05, He s0luFion templraivre
was 21.20°¢C jwhilke GF Fire= Jpos , te Fempernbvne PO 21.490°C.
Pecoase He Ympecatuee ingieaped jand sini, Pne gdvhion is the s yroowndings,
o the | nErEATE in Fempenyhire
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Unauthorized copying or reuse of this page is llegal. Page 10

ceacion dnd absked

GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark biue ink. Do NOT write your name. Do NOT write outside the box.

o




Sample 3A 4 of 4

Question 3

Continue your response to QUESTION 3 on this page.

(g) Based on the experimental data, the mass of the system is 51.0 g, and the specific heat of the reaction mixture
is40J/(g-°C).

(i) Calculate the magnitude of heat transfer, g, in j oY =/
o —21.207C IHO T
zmebT = (Hlog) (H.0Z 3 21.90°C
v (o1e3)¢ 7 C hansFored

(ii) Calculate the enthalpy of reaction in units of kJ/mol,,,. Include the algebraic sign on your answer.
Mhbn i3 ExpHrermic, se ereryy wad losh 1m remebrsn P
Gatived by Serrandings, [ 4, 15 negarive.

Lren = = lpgpn = = (0) 21403

M= dewa _ CeT) e
M T (Lol . elcecs e o
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Sample 3B 1 of 4

Question 3

Begin your response to QUESTION 3 on this page.
3. Answer the following questions about an experiment in which CaCO4(s) is combined with HCl(ag), represented
by the following balanced equation.
CaCOs(s) +2HCl(aq) — CaCly(ag) + CO,(g) + H0(!)

(a) Write the balanced net ionic equation for the reaction. )
CoL0() + 2H T(aq) + 21 (aq) » Ca“ " (ad)+ cx/z/‘tﬁ) + .04 () +HaOlt)

Cal0x(3) + 21 (a9) 5 ol raq) + CO2(g) +H:0(1)
A student performs an investigation to study factors that affect the rate of the reaction. In each trial the student

combines 50.0 mL of HCl(ag) at 21.2° C with 1.00 g of CaCO4(s) and measures the time required for the
reaction to go to completion. The data are given in the following table,

Tial Concentration of | Particle Size of | Time of Reaction
HCl(aq) (M) CaCO4(s) (s

1 1.00 Fine powder 67

2 1.00 Small chunks 112

3 1.00 Large chunk 342

4 3.00 Fine powder 22

5 3.00 Small chunks 227

6 3.00 Large chunk 114

(b) The student correctly identifies that trial 5 is inconsistent with the other trials. Explain why the student’s claim
is correct using the data in the table.

S @& Teuse We do Pals V-3
mwsmﬁ c:us &: port(le size OF CCL(,OP\) ey e
e e of e on NCEASLS . \n Hiad & AN
40N Snobs  FNOY The (COCHUN iy swiall ks
LD ndrt e Anun Wi targe NLS  Wagh

(oudntt ot ALCdrUre,
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~Sample 3B2of4
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Question 3

Continue your response to QUESTION 3 on this page.

(c) Based on the reaction conditions and the collisions that occur between particles, explain the reason for the
mmmwmfumzmma. faLe. el o Are
The \0EQRT ¥ne porhile size R 1885 Sur
m\ew\rﬂ%bs Q@osid o Hhe redcHend. Hel, 80 $he  redChion Hine
foc \ONOR CNUNKS of (al03 L5 greaxer ¥nan Small chnr?m
boLwse WC\ 1S eble 1O reaG Wi ks only e Sofrac
(€0 0F CalDa HABING  Nger O XposE Mg oF TR

Cal0z t© HC\-

(d) The student claims that the reaction is zero order with respect to HCl(ag). Do you agree or disagree with the
student’s claim? Justify your answer using the student’s data.

| 1SOTeL W W Slodent bRease By CNANGINg Sne
conee RO HON  oF A reasany, Hol, e Hme 1+ S e compieie
Wie RUGHUN  olSo  CNANgeS Hvs Cdn be  Seen in R

JECeTny  MmeS  Gf  RUGHANS 1 fruls Vo and. Yuhee T
CopRAYTAMON 1S chanded Wnve heepnd pascre S12€ of a0z
P Same.

(¢) The HCl(aq) was present in excess in all trials of the experiment. Determine the molarity of the HCl(agq) in
the beaker after the reaction is complete in trial 2. Assume that the volume of the mixture remains constant at
50.0 mL throughout the trial. (The molar mass of CaCO4 is 100.09 g/mol.)

10022 =0,05mu B

G .65k
Zma\ BC\
| 008 CalOa x —Lmel  _ 6.0044qmd Cal®s y ol
005 Cal0sx ey S

- 0.9200 ma\ \'\C\ a .
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Sample 3B 3 of 4

Question 3

Continue your response to QUESTION 3 on this page.
CaCO;(s) + 2 HCl(aq) - CaCly(aq) + CO,(g) + HyO()

In order to measure the enthalpy of the reaction shown, the student repeats trial 1 by mixing 50.0 mL of HCl(ag)
with 1,00 g of CaCO4(s) using a coffee cup calorimeter. The student records the temperature of the system every
20 seconds. The data are given in the following table.

Measured Temperature of
Solution (°C)

21.20

Time (s)

21.51

21.70

21.85

B|83|8|8|°

21.90

100 21.90

(f) Is the reaction endothermic or exothermic? Justify your answer using the information in the table.
Te YEOLMon 15 eXOHNRIML | AL (OINY +O e mb\QJro—S
Pre (QOLHON DILELSS  AVE 48P 0f & Splaten
\ACRDseS  InSlading Yok NG 1S bandy (000 ed [welensed-

WOAINO) A (YN eXGHnemC .
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Queéstion 3

Unauthorized copying or reuse of this page Is illegal. Page 11 aooHTOTHEﬂEXTPAGE.

Continue your response to QUESTION 3 on this page.

(g) Based on the experimental data, the mass of the system is 51.0 g, and the specific heat of the reaction mixture
is40J/(g-°C).
(i) Calculate the magnitude of heat transfer, g, in joules.

q=mecsT | 'c,)
= 61.00,(4.0)[q-*¢)(21.90 - 21.20

AL VAR

(ii) Calculate the enthalpy of reaction in units of kJ/mol,,. Include the algebraic sign on your answer.

142.9y x H‘\J S 0.142% W)

0
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Sample 3C 1 of 4

Question 3

Begin your response to QUESTION 3 on this page.

3. Answer the following questions about an experiment in which CaCO4(s) is combined with HCl(ag), represented
by the following balanced equation.
$aCO;4(s) + 2H@(aq) — LaCh(aq) + CO,(g) + H0(1)
(a) Write the balanced net ionic equation for the reaction.

-
co, ¢ ZHY —— co, _, ~ 4,0

)

A student performs an investigation to study factors that affect the rate of the reaction. In each trial the student
combines 50.0 mL of HCl(aq) at 21.2° C with 1.00 g of CaCO;(s) and measures the time required for the
reaction to go to completion. The data are given in the following table.

Trial Concentration of Particle Size of Time of Reaction

HCl(ag) (M) CaCO4(s) (s)
1 1.00 Fine powder 67
2 1.00 Small chunks 112
3 1.00 Large chunk 342
4 3.00 Fine powder 2
5 3.00 Small chunks 227
6 3.00 Large chunk 114

(b)TEm:dentemecﬂyidenﬁnuﬂmmﬂSummmmthmeothumah Explain why the t's claim
is correct using the data in the table. GO AL oF reacton
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Sample 3C 2 of 4

® Question 3

Continue your response to QUESTION 3 on this page.

(c) Based on the reaction conditions and the collisions that occur between particles, explain the reason for the
difference in the reaction times for trial 2 and trial 3.

Tvrlal\ ¥ ado A gr‘mi—u—' re oo
Hevt o c s A was Wi e lG».V‘%L/
vk, NI Woold nalete e
veacHor e slowe Hhon Hro+ of

o &avalle, rhonie .

(d) The student claims that the reaction is zero order with respect to HCl(ag). Do you agree or disagree with the
student’s claim? Justify your answer using the student’s data.
T agrec wirn 4nis clainA becavst
O\ e =y e et of reockhens vt

T.nc,r‘wg‘lr-\aj e o cndvo oy c,ﬁ:
HC) s 3,‘_‘:\5\(_\% A~ SCvrne

(¢) The HCl(aq) was present in excess in all trials of the experiment. Determine the molarity of the HCl(ag) in
the beaker after the reaction is complete in trial 2. Assume that the volume of the mixture remains constant at
50.0 mL throughout the trial. (The molar mass of CaCOj is 100.09 g/mol.)

\
).00W = T:a_ Josovol 1123 _ 5 o4 mol
\ s

« O%‘qmﬁ'
M = —_— - M
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Sample 3C 3 of 4

Continue your response to QUESTION 3 on this page.

CaCOy(s) + 2 HCl(ag) — CaCly(ag) + CO,(g) + HrO)

In order to measure the enthalpy of the reaction shown, the student repeats trial 1 by mixing 50.0 mL of HCl(aq)
with 1,00 g of CaCOq(s) using a coffee cup calorimeter, The student records the temperature of the system every

20 seconds. The data are given in the following table.

Measured Temperature of

Time ()™ sotution (° C)

21.20

21.51

21.70

21.85

|| &8|8|°

21.90

100 21.90

(f) Is the reaction endothermic or exothermic? Justify your answer using the information in the table.
This reaHaor s exXo Hhernig, ot ca ws
Qv AHMNMC PYOGYesSLs, TN e rmperachuit

coNTHnues v WnCre oS

For \nsteuncy,

axr 0 scconrds, e olviion sod
21.20°C, but aXx |80 seconds, HNC

= lohon S oA 24.Q90°C,
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Sample 3C 4 of 4

a

0uu_tlon 3

Continue your response to QUESTION 3 on this page.

(g) Based on the experimental data, the mass of the system is 51.0 g, and the specific heat of the reaction mixture
is40J/(g-°C). q = MC&T
(i) Calculate the magnitude of heat transfer, g, in joules.

1= GregdGRIC 00

(i) Calculate the enthalpy of reaction in units of kJ/mol,,. Include the algebraic sign on your answer.

Mol LR 0 - 009!
@H = — 4|4 ~

eJ
Mo}r’?n

AH= —)4jp0
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AP® Chemistry 2023 Scoring Commentary

Question 3
Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.

Overview

Question 3 presented students with a series of questions concerning an experiment in which solid
calcium carbonate is reacted with an excess of aqueous hydrochloric acid.

Part (a) of this question required students to write the net ionic equation for the reaction between
aqueous hydrochloric acid and solid calcium carbonate (Learning Objective TRA-1.B, SKill 5.E from
the AP Chemistry Course and Exam Description).

Part (b) presented students with a table that lists time-of-reaction data for multiple trials of the reaction
between HCIl and CaCO:s. Each trial either varies the HCI concentrations or the CaCOs particle size.
The question asked students to explain the relationship between the rate of a chemical reaction and
the experimental conditions (TRA-3.A, 2.E). The response was expected to confirm a claim, with

an explanation using the experimental data, that one trial of a multitrial experiment is inconsistent with
the other trials. The explanation can be based on the varying HCI concentrations or the CaCOs particle
sizes.

Part (c) required students to make the connection between the number of particle collisions and the
reaction times for two trials under different particle size reaction conditions. A student could earn up to
2 points in part (c). The first point was earned for correctly relating the particle size of a solid reactant
to the surface area available for reaction (TRA-4.B, 6.F). The second point was earned for correctly
relating the number of reactant particle collisions to the reaction times in the data table (TRA-4.B, 4.B).

The intent of part (d) was to analyze the data in the reaction timetable to determine the reaction order
of the aqueous HCl reactant (TRA-3.B, 6.D). The student must determine that the claim of zero order is
incorrect and cite data from the table as evidence.

Part (e) was a 2-point stoichiometry problem (SPQ-4.A, 5.F) involving the molarity of aqueous reactant
remaining at the conclusion of a reaction (SPQ-3.A, 5.F). The first point was earned by correctly
calculating the moles of HCI that will be consumed by the CaCOs. The second point was earned by
subtracting those moles from the initial moles of HCI, then dividing that by the total solution volume to
determine the molarity of HCI remaining.

Part (f) provided temperature and time data for a calorimetry experiment using the CaCOs; and HC1
reaction. The student must state whether the reaction is exothermic or endothermic (ENE-2.A, 6.D),
justifying their answer with information from the table.

Part (g) is a 2-point problem that asked the student to calculate the change in enthalpy of the reaction
based on the experimental data presented in part (f) and other provided data. The first point was
earned by successfully calculating the heat (g) absorbed by the solution (ENE-2.D, 5.F). The second
point was earned by dividing q by the moles of CaCOs reacted and applying the algebraic sign that is
consistent with the response in part (f) (ENE-2.F, 5.F).

© 2023 College Board.
Visit College Board on the web: collegeboard.org.



AP® Chemistry 2023 Scoring Commentary

Question 3 (continued)

Sample: 3A
Score: 10

This response earned 10 points. In part (a) the point was earned for a correct balanced net ionic
equation. In part (b) the point was earned for a valid explanation that relates the particle size of
CaCOs; to reaction times in trials 1 through 3 and compares those results to trials 4 through 6.

In part (c) the first point was earned for correctly relating CaCOs particle size to surface area. The
second point was earned for a correct explanation relating increased surface area to increased
chances of effective collisions. In part (d) the point was earned for disagreeing with the student’s
claim and explaining that when concentration triples, the new reaction time is one-third the original
reaction time, making the reaction first order with respect to HCI. In part (e) the first point was
earned for a correct calculation of the number of moles of HCI reacted. The second point was earned
for the correct calculated [HCIl] remaining, consistent with the number of moles reacted. In part (f) the
point was earned for correctly classifying the reaction as exothermic based on the increase in
temperature. In part (g)(i) the point was earned for the correct calculated value of g. In part (g)(ii) the
point was earned for the correct calculated value of AH° with the correct sign, consistent with the
response in part (f).

Sample: 3B
Score: 7

This response earned 7 points. In part (a) the point was earned for a correct balanced net ionic
equation. In part (b) the point was earned for a valid explanation that cites the relationship between
particle size and reaction time in trials 1, 2, and 3 as evidence that the small chunks in trial 5 should
not have had a longer reaction time than the large chunk in trial 6. In part (c) the first point was
earned for correctly relating CaCOs particle size to surface area. The second point was not earned
because the response makes no reference to collisions between particles. In part (d) the point was
earned for disagreeing with the student’s claim and stating that the reaction cannot be zero-order
with respect to HCI if a change in HCI concentration causes a change in reaction time. In part (e) the
first point was earned for a correct calculation of the number of moles of HCI reacted. The second
point was not earned because the response reports the concentration of the HCI consumed and not
the concentration of the remaining HCI. In part (f) the point was earned for correctly classifying the
reaction as exothermic based on the increase in temperature. In part (g)(i) the point was earned for
the correct calculated value of g. In part (g)(ii) no point was earned because the response only shows
the conversion of the value of g to kilojoules and not the calculation of AH°.

Sample: 3C
Score: 3

This response earned 3 points. In part (a) no point was earned because some of the reactants and
products are incorrect. In part (b) the point was earned for a valid explanation stating that trial 5 was
the only 3.00 M reaction with a greater reaction time than its 1.00 M counterpart with the same
particle size. In part (c) the first point was not earned because the response makes no reference to
surface area. The second point was not earned because the response makes no reference to
increased collisions between particles in trial 2. In part (d) no point was earned because the response
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Question 3 (continued)

agrees with the student’s claim. In part (e) the first point was not earned because the response
attempts to use a time ratio to convert from initial moles of HCI to moles of HCI reacted. The second
point was not earned because the response gives the concentration of HCl consumed instead of the
concentration of HCI remaining. In part (f) the point was earned for correctly classifying the reaction
as exothermic based on the increase in temperature. In part (g)(i) the point was earned for the correct
calculated value. In part (g)(ii) the point was not earned because the response contains an error in
converting from J to kJ/mol .
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