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SECTION 13 Industrlal Chemistry

Chemical Kinetics
AL96(11) 0ib
{) Draw the Maxwell-Bolizmann curves for the distribution of molccular speeds at two
different temperatures for an ideal gas.
(2 marks}
(i)  Use your curves in (i) to explain why, for a fixed mass of an ideal gas at consfant volume,
the pressure increases as the temperature is raised.
{2 marks)

ALS7(L)_03
The reaction of iodins with prapanone in acidic solutions can be represented by the following
equation:
h(aq) + CHiCOCH3(aq) —= CHiJCOCH3(a@) + H'(ag) + I'(aq)
@ (O The progress of the reaction can be monitored by a titrimetric method. Outline the
experimental procedure, [For reference}

{3 marks)
(i)  State how the initial rate of the reaction can be determined from the titrimeiric
results,
{2 marks)
(i)  Suggest another method to monitor the progress of the reaction.
(1 mark)
() Following initial rates and initial concentrations were obtained in on experiment at 298 K:
Initial rate Initial concentration / mol dm~>
/mol dm™ s~ [12(2q)] [CH3COCH;3(aq)] {H*(aq)]
3.5 x 105 2.5 % 107 2.0 x 107 5.0 x 1073
3.5 x10°% 1.5 % 10~ 2.0% 107 5.0 %10
{4 %10 2.5x 10 4.0 x 10 1.0 x 1072
7.0 % 1073 2.5x 10 4.0 x 191 5,0 % 1673
@) Deduce the rate equation for the reaction.
(3 marks)
(i)  Caleulate the rate constant for the reaction at 298 K.
(2 marks)

(¢)  For a given set of jnitial concentrations, tie initial rate doubles when temperaturc is
increased from 298 K to 308 K. calculate the activation energy of the reaction.
(2 marks)
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AL98(il)_03a
The table below lists the rate constants, k, at different temperatures, T, for the first order
decompositien of a dicarboxylic acid, CO(CH2CO2H),, in agueous solution:

CO(CH,COH)u(aq) — CHiCOCHi(aq) + 2C0:(g)

T/K 273 393 313 333 . 353
k/s 246x10° | 475x 10 | 576%10% | 548x 107 2
(i) Determine the activation encrgy for the reaction by plotting an appropriate graph.
(5 marks)

(i)  Estimate the rate constant of the reaction at 353 K and hence calculate the half-life of the
reaction at the smme temperature. [OUT] N
(3 marks)
(i}  Suggest a method to monitor the progress of the reaction.
(1 mark)
ALIS(IN_03b
The exothermic reaction
Eg — g &)
is a single stage reaction.
) Sketch curves to show the distribution of molecular kinetic encrgy of the reaction, E(g), at

two different temperatures,
(2.5 marks)

(i)  With zeference to your answer in (i), explain why the rate of reaction (1) increases with

temperature.
(1.5 marks})

(iti)  In the presence of a catalyst, C, reaction (1) will proceed at a faster rate via te foltowing
mechanism:
Eg) + C) — L)
EC(g) —= C@ + Eg)
(EC is the reaction intermediate.)
Sketch labelied energy profiles for the conversion of E(g) to E'(g), with and without
catalyst. Explain why reaction (1) proceeds faster in the presence of the catalysl.

(4 marks)
AL99(11)_03a
Consider the following data for the reaction:
A + B — producis
itial tion / mol dim™?
Imt[lz;]concentra L mo[B; Initial rate / mol ™ 57!
4
4.0 %1072 4.0 x 102 6.4 % 107
8.0 % 1072 4.0 x 10-% 12.8 x 1075
4.0 % 107 8.0x 10 6.4 % 107
Yoy this reaction -
(6] deduce ifs rate equation,
(2 matks)

(i)  calculate the rate constant, and

1 mark
(i)  sketch a possible energy profile. ( )

(3 marks)

ALOR(1)_07b
Without giving any experimenial detail, outline what measurements have to be faken in order to

determine the activation energy of a reaction,

(4 marks)

ALOO (I)_03b

At 333K, the initial rate of the hydrolysis of CHaBr, a Sx2 reaction, was found to be 8.23 x 105
mot div? 57! when the initial concentrations of CH3Br and OH- ions were 0.05 mol dm-? and 0.20
mol dm™ respectively,

{) Calculate the rale canstant, k, for the lyydrolysis at 333 K.
) - . (2 marks)
i)  The table below fists the rate constants for the hydrolysis at three other temperature, T.
T/K 293 308 ! 323
k/ mol"! dm’ 5! 1.05 % 16~ 6i5x104 | 307x107
Determine the activation energy, Bs, for the hydrolysis by plotting an sppropriate graph.
(5 marks)

ALOIL(}I} 03

At an elevated temperature and in the presence of argon, iodine atoms combine to form iodine
molecules:

2g) — L
The table below lists some data about the reaction:

Initinl concentration / mo} dm=3 Initial rate
_ d[t
[1(g)} / mol dm=* [Ar(g)] ! mol dm™ _[_%g}] / mol gm=3 s~1
£.0 % 105 . 1.0 % 1073 8,70 x 10~
2.0 % 107 1.0 x 10° 3 s
1.0 x 10~ - 5.0 104 435 % 16—‘

For this reaction,
(a)  Deduce the rate equation.

(3 marks;
(b)  Calculsie the rate constant. )

' {1 mark)
(6)  Suggest a possible reaction mechanism consistent with the rate equation, state the role of
argon, and sketch the energy profile.

(4 marks)
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ASLO2(T)_02 (i).  Sketch the energy profiles for the uncatalyzed and catalyzed reactions.
An experiment was carried out (o study te acid-catalyzed bromination of propanone at 298 K. Uncatalyzed reaction Gutifyaed reaontion
H'(aq)
CHy,COCH(aq) + Brnq) ~—— CH,COCH,Bi(aq) + HBr(ng) .
The table below lists the results of the cxperiment, ? ?
- Initial concentration / mol din~? AT M g =
[CH,COCH ag)] [Brx(ag)] [Hagy | meree/moldns 2l — gl aToro
0.30 0.050 0.050 57 %107 £losro — g, = s
| o3 0.100 0.050 5.7 % 10% ] ! = 28 '
" ; | S — e R
(()):g :Ojg 0.130 1.2 % l()_‘1 A ticTcooTaingie reaction coordinate
. .0 0.200 3.0I% 10
(2 marks)
0.40 0.050 0.050 7.6 x 10~ ;
(@  Deduce the rate equatian for the reaction (b)  Explainwhya CFC molecule can lead to the depletion of a large number of ozone molecules
in the stratosphere.
(3 marks) I SBEISEIOSD (2 matks)

(b)  Calculate the rate constant for the reaction at 298 K.
(2 matks)
AL04(I)_03a

ALO3(D)_02b Consider the following system which comprises two single step reactions,

The following mechanism was proposed for (he reaction of Ha(g) with Tx(g) to give Hi(g). B k,
H i(g) + Mg
k,

26(g) LH<0

Stepl: D(g) = 2Kg) (fast)

Step2: H + 21 2H]1 1 (ki and k-; are the rate constants) )
p 1(g) (8) — 2HI(g) (slow) (i)  Write the respective rate equations for the forward and backward reactions.

(1 mark)
i Write an expression for the equilibrium constant, K, for Step [. f
(i) i q stant, K, for Step I (i)  Sketch a labelled energy profile for the forward reaction. -

¥ (2 marks
(i) Bosed on this mechanism, show that the reaction of Ha(g) with I{g) is first order with

1 8 d 10 By g) it edict, with explanation, w [ or will increase {o a greate: ent wnente erature
lanation, whether ky or k-1 will s g r extent when temper:
( ) ( ) ( ) Predict, ith Xp! N i

f the system is increased.
(3 marks) o Y Ly

ASL03(I) 04
Chloroflucrocarbons (CFCs) were once widely used as acrosol propeliants and refrigerants. 1t is

now known that the release of CFCs into the atmosphere will lead to the depletion of ozone in the
stratosphere. In the stratosphere, molecules of CFCs and Oy absorb ultra-violet radiation and

ALO4(ID)_03a
The decomposition of dinitrogen pentoxide in tetrachloromethane can be represented by the

following equation:
2MN0s(in CCly)  — 4NOx(in CCly) + Oz(g)
Suggest an experimental method that can be used o follow the progress of the

iti d state the underlying principle of the method.

Cle + 0y —= ClO« + O ' K oo, Rl ey (2 marks)

ClOe + O —= Clv + i

. . '. .02 (i) The rate constant for the decomposition at 332 K was found to be 5 times that at 318 K.
Combination of the above equations gives the overall equation for the depletion of ozone: _— iti
Calculate the activation energy for the decomposition.

0 + O — 20, (2 marks)

(a)  Clscan be considered as a catalyst in the depleting of ozone, '

undergo decomposition to give Cle and O atoms respectively. The following two reactions then @
| i
ocour: |

(i) Is Cls a homogencous catalyst or a heterogeneous catalyst? Explain,
(1 mark)
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ALOS()_02a
Nitrogen monoxide reacts with fluorine to form nitresy! fluoride, FNO, according to the following
equation:
2NO(g) + Fa(g) — 2FNO(g)
(i) Draw the electronic structure of nitrosy! fluoride.
(1 mark)
@) What is the oxidation state of nitrogen in the following compounds?
NO FNO
(1 marks}
(il The rate equation for the above reaction is: o
rate = k[NO(@)I[F2(g)]
The commenly accepted mechanism for {his reaction involves two steps, one of these steps
produces FNO and the free radical Fe in equimolar amounts,
Write balanced equations for the two mechanistic step, indicating which is the rate

determining slep.
(2 marks}

ASLO6(I)_10a
Ammonia reacts with oxygen in the presence of platinum to give nitrogen monoxide.
ANHs(g) + 50xg) —= 4NO(g) + 6Hi0(g) AH <0
@) NH(g) and Oxfg) are allowed to react in a vessel of canstant volume. Find the rate of

consumption of O(g) if the rate of formation of NO(g) is 1.24x 16~ mol du' 574,
(2 marks)
(i) Platinum is a catalyst In the above reaction. What is meant by the term ‘catalyst'?
{1 mark)
(i) State an important industrial product that can be obtained from NO(g)
(1 mark)

ASLOG(IT)_10b
The graph below shows the distribution of the molecular kinetic energies of 8 gas at a certain
temperature. Ei is the activation energy for a reaction of the gas without a cafalyst.

—

number of molecule

molecular kinetie cnergy' e

() Copy the graph, including the position of Ei and mark on it the ¢xpected activation energy,
Ea, of the reaction in the presence of a catalyst at the same temperature. Explain your answer.

(2 marks)

@) Explain why the rate of & catalyzed reaction would be different from that of an uncatalyzed

8

one at the same temperature,
(2 marks)
ASLO7(I)_02
Consider the reaction below:

Bra{aq) + HCO:H(g) —= 2Br{(ag) + 2H'(aq) + COsg)
(8)  Suggest an experimental method to follow the change in concentration of Bra(aq) in the
reaction mixture. Give a reason for your suggestion.

The table below lists the experimental data obtained a1 a certain temperature: .
Run Volume used / e’ Initial rate for the disappearance
0.010 M Bra(aq) | 0.20 M HCOzH(aq) | H20() | of Bra(ag) /mol din~? 5~
2.0 10.0 8.0 1.2x{07%
2 4.0 10.0 6.0 2.4%167
3 8.0 100 2.0 4,8x10°

(b)  Suggest how the initial rate for the disappearance of Bra(aq) can be found.

o (2 marks)
(¢) Why is it necessary o keep the concentration of HCOsH(ag) much higher than that of
Bn(ag)?
(2 matks
(d)  Deduce the order of the reaction with respect to Bra(aq). )
(2 marks)
(e)  Suggest how the order of the reaction with respect 1o HCOaH(aq) can be determined.
(1 mark)
ASLO7(I1)_03
Consider the acid-catalyzed reaction:
H'(aq)
X(ag) + Y(aq) —— Z(aq) LH<O
The following mechanism was propesed:
X(@g) + H'aq) = XH'aq) (fasty
XHaq) + Y(g) — Z(q) + HYag) (slow)
Based on this mechanisin,
(a)  Skelch a labelled energy profile, and
2 mark
{b) Deduce the rate equation. HE—
(2 marks)
9
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ALO3(I) 03a

Which one of the foltowing graphs represents the distribution of molecular speeds of one mole of
a gas al two different temperature Ty and Tz, where T2 > Ty?

@) Ti (b

m

Zt
B

aumber of
molecules ™

number of
molecales ~

—

— ¢ — r— — o

ASLO9(IT}) 05 .
An experiment was devised to study the kinetics of the following acid-catalyzed reaction:

L(ag) + CH,COCH(aq) e, CH,COCH,I(aq) + H'(ag) + I'(aq)

Four runs of the experiment were conducted at the same temperature, and the reaclion mixtures

—

molecular speed — molecular speed —

4 I
“gt kK¢
i i 4
LH £
molecular speed — 0 molecular speed —

used were prepared according to the table below:
Volunte used / cm®
fun LoM H00) 1.0 M H;804(aq)
0.02 M I(ag) CH,COCHy(2q)
i 50.0 5.0 20.0 25.0
2 50.0 10.0 15.0 25.0
3 50.0 150 10.0 25.0
4 50.0 20,0 5.0 250

ASLOS(ID)_03

The gaseous reaction below takes place at 750 °C i a closed container with a fixed volume,

2Hafp) + 2NO() —= 2H0() + Nufg)

(@) Suggest an experimental method that can be used to follow the concentration of Na(g) in the
reaction mixture. Briefly explain the principle of your suggested method,

(2 marks)

(b}  The table below lists three sets of experimeniai daia of the reaction at 750 °C:

" Initial concentration / mol dm=> Initial rate for the formation
Experiment
Ha(g) NO(g) of Nafg) / mol dm3 ¢!

1 0.010 0.0250 0.500

2 0.005 0.0250 0.250

3 0.010 0.0125 0.125

Deduce the rate equation for the reaction, and caloulate its rate constant at 750 °C,
(3 marks)
(c)  Is the reaction an elementary reaction? Explain,
(1 mark)
|

10

In each run, 10.0 em? of the reaction mixture was withdrawn at regular time intervals and added to
excess NaHCOi(aq). When effervescence subsided, the resulting mixture was titrated against
standard Na»S:03(aq) using starch solution as indicator. The graph below shows the plot of the tiire
against time for each run.

20

19 PN

16 H+

15

14

0 5 0 135 20 25
tilmg f minutes
(a) What is the purpose of adding the reaction mixture to excess NaHCO3(aq) before each
titeation?
S (1 mark)
() Deduce the reaction order with respect to iodine.
(3 marks)

1

e
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{c) Using the above information, plot 2 graph to deduce the reaction order with respect to

propanonc.
(3 marks)

(d) Suggest how the reaction order with respect to H*(aq) can be determined.
(3 marks)

AL1O() Ot
(b) A student made the following remark:

“The rate of an elementary gaseous reaction increases with temperature because the
average kinctic energy of the reactant molceules increases with temperature.’

Is the cxplanation provided by the student regarding the increase in reaction rate

appropriate? Elaborate your answer.
(3 marks)

ASLI06(ID)_08
‘Methana clock experiment® is based on the foltowing reaction:

HCHO(aq) + SOs(aq) + H:0() —= CH:CHSOs(aq) + Off(aq)

In a methanal clock experiment, five 20.0 cm® methanal solutions were prepared by mixing
different volume of 0.30 mol dm™ HCHO(aq) and HaO()). A small but fixed amount of a sofution
containing 0.20 mol d? NaHISOs(aq), 0.05 mol dn™ NaaSOs(aq) and a few drops of
phenolphthalein indicator was added to each of the five methanal solutions, The time for the first

appearance of a pink color in each run was recorded.,

The table below lists the experinental data obained:

Run 1 2 3 4 5
—3

Volume of 0.30 m;)l dny 5.0 75 10.0 5 1

HCHO(aq) used / em

Volume of FaO(l) used / om® 15.0 12.5 10.0 75 5.0

Time for the first appearance S - 75 o G

of the pink color /s

(8 Given that NaHSOa(aq) and Naz80s{aq) constitute a bufler system, account for the

appearance of the pink color in the reaction mixtures.
(2 marks)

()  Explain why a small but fixed amount of the buffer solution is used in the experiment,
(1 mark)

¢} Using the above information, plot a graph te deduce the roaction order with respect to

methanal.
(4 marks)

12

(d) With reference to the above experimental data, identify ONE major error in this
experiment.
2 - (1 mark)
{e) an methyl orange be used instead of phenolphthalein to perform methanal elock
experiments? Explain,

{1 mark)

ASL11(I)_03
The reaction between A(g) and B(g) has a rate constant of 9 x {073 dm® mot2 s~', Which one of
the following is & possible rate equation for this reaction?
A rate=k{AFPBE)
B.  rate=k{A@IB@)
C.  rate=k[A()
D.  rate=k[B(®)]!
{1 mark}

ASLII(I1)_0t
In the upper almosphere, ozone Is converted fo diatomic oxygen according (o the equation shown
below. This reaction is an elementary reaction with a rate constant of 2.6x10° dm® mol*! s a¢ 210
K.
O + Oigy — 20:g) AH =-392 kI mol!
(8)  Write the rate equation for this reaction.
. . (1 mark)
(b} The relationship between reaction rate constant & and absolute temperature T can be
represented by the Arrhenius equation:
k = Ae~(Ba/RT} where R is the gos constant,
A is the Arrlienius constants, and
Iy, is the activation energy,

Given that 4 for this reaction is 4.8x10° dm® mol~' 57, calculate its Ex
) . (2 marks)
{¢) It chlorine free radicals (+Cl) are present in the upper atmosphere, they will catalyze the
conversion of ozone to diatomic oxygen leading to ozone depletion,
(i) Given that the rate equation for the *Cl catalyzed ozone depletion is:
rate = A{0s3(g)}[*Cl(g)]
propose a mechanism that is consistent with the rate equation. Briefly explain your
answer.

(i)  Theaactivation encrgy for the +Cl catalyzed ozone depletion is 0,44 kJ mol™!, One the
same dingram, sketch labelled energy profile for the conversion of ozone to diatomic
oxygen in the absence and in the presence of «Cl respectively. (You are NOT required
to draw the enezgy profiles to scale.)

(4 marks)

13
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ASLI2(I1)_04 :
Anexperiment was conducted to study the kinetics of the following reaction al a certain temperature,

2NO(g) + Brfg) — 2NOBx(g)
The table below lists the resulls obtained:

Trial Initial concentration Initial rate of appearance of NOBi(g)
NO(g) / mo} dm™3 Bra(g) / mol dm™ /107* mol dm™? 57!
i 0.0160 0.0120 3.24
2 0.0160 0.0240 6.38
3 0.0320 0.0060 6.42

(s}  Find the initial rate of disappearance of Bro(g) in Trial 1.

(1 mark)

() TFor this reaction, deduce its rate equation, and caleulate its rate constant at this temperature.

(4 marks)

(¢)  From the above information, student D proposed that this reaction is an clementary reaction
while student E consider it not.

()  Suggest ONE reason fo support students D’s view.

(1 mark)
(i) Suggest ONE reason to support students E’s view.

(1 mark)

ASLI3(IT)_04 (modified)

Consider the following experiment for studying the kinetic of reaction By
SBrieq) + BrOs(aq) + GH'(ag) —= 3Bra(ag) + 3H:0()

A solution containing Br(aq) ions, BrOy(aq) ions, a small fixed amount of phenol and a few drops
of methyl red indicator is mixed with H*(aq). The Bra(nq) fonmed then reacts rapidly with the
phenol present to give a colorless product, Once alt the phenol is consumed, any further Bra(ag)
will bleach he methy! red indicator. Thus the time taken for the red color of the mixture to
disappesr represents the time for the reaction (P} to reach a certain point,

The table below lists the tesults obtained in four trials of such an experiment at 25 °C.

Trial Inilial concentration / mol din~3 Time taken for the red
Br(aq) Br0;(aq) H'(aq) color to disappear / s
1 0,034 0.007 0.100 1026
2 0.017 0.007 0.100 2052
3 0.034 0.021 0.100 342
4 0.017 0.007 0.400 128
(3}  Explain why & simall fixed amount of phenol is used.
(1 mark)
(b) From the experimental results, deduce the order of reaction with respect o each of the
reactants.
(4 marks)
14
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(¢) The experiment was repeated at 50 °C with all reactants at the same initial concentrations as
in Trial 1. The time taken for the red color to disappear was found to be 145 5, Caleuiate the

activation energy of reaction (B).

(3 marks)

(d) Would such an experiment give reliable results if it was conducted at temperature above 80
°C? Explain.

{! mark)

ASLI3(I)_05 o o
(@) Using the axcs given below, sketch two curves to show the distribution of molecular kinetic
energies of a gas at two temperature 71 and Ty, where 7y < .

1

fraction. of molecule

molecular kinetic energy (2 marks)

(b}  Explain why the rate of gas-phase elementary reaction increases with temperature,
(2 marks)

DSE11SP_0la . -
In acid solution, chtorate ions (Cl03™) slowly oxidize chloride ions to chlorine, The following kinetic

data are obtained at 25 °C:

[ [Cioy@ag) | [Clag) [H' (o] Initial rate
/ mol dm=> / mol dm™ / mol dn? / mol dm s}
0.08 0.15 0.20 1.0 x 105
0.08 6.15 0.40 4.0 % 107°
0.16 0.15 0.40 8.0x 107
0.08 0.30 0,20 2.0 %1072
()  Wrile the balanced equation for this reaction.
(1 mark)
(i)  Determine the order of the reaction with respect to each reactant.
{3 marks)
(iii)  Determine the rate constant at this temperature.
(3 marks)

(iv)  If the rate of the reaction is found to be doubled when the temperature is raised by 10°C,
deducs the activation encrgy of the renction. e S

(Gas constant R = 8,31 J K~ mol™)
(2 marks)

i5
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DSE12PP_01b
The atmospheric oxidation of L-ascorbic acid is a first order reaction,

(i)  What do you understand by the term *first order reaction*?
(1 mark)

(i) The table below lists the rate constants & for this reaction at four different temperatures 7
T/K 313 323 333 343
k1073 bt 27.0 354 504 65.4

By plotting a suitable graph, determine the activation energy E, of this reaction.

(Gas constant R = 8.31 § K~ mol™")
{5 marks)

DSEI2_0lc
Three trials of an experiment were performed at the same temperature for the study of the kinetics

of the following reaction,
2NO(g) + 2Ha(g)— Na(g) + 2H:0(g)

The table below shows the data obtained:

Trial Initial concentration of NO(g)| Initinl concentration of Ha(g)| Initial rate with respect to
{ mot dm™ /mol dm™> Na(g) / mol dm>s7!
2.50 % 10°% 5.00 x 10~ 1.20 x 10°¢
2.50 x 107 1,00 % 1672 240 x 10
125 % 107 1,00 x 102 6.00 x 1077

() Bxplain why ‘initinl rate’ is commonly used in the study of the kinetics of & reaction.
(1 mark)

(i)  Deduce the order of reaction with respect to NO(g) and that to Ha(g).
(2 marks)

(iii)  State the rate equation for the reaction, and calculate its rate constant at the temperature of

the experiment.
(2 marks)

DSEi3_0la
For gaseous reactions, an increase in temperature leads (o an increase in reaction rate.
(i) The graph below shows the Maxwell-Boltzmann distribution curves of molecular kinetic

energies of a gas at two temperatures, T\ and T3,

¥

16

(1)  What do the axes, x and y, in the above graph respectively represent?
. {2 marks)
2y With reference to the above graph, suggest why an increase in temperature can lead to
an increase in the reaclion rate of a gaseous reaction,

o1 - o . (2 morks)
(i) In a chemical kinetics experiment, the rate constants (k) of a reaction at various tem peratures

(T) were determined. The graph below shiows the plot of fog & against -1-. Caleulate the
7

activation energy of this reaction.
{Gas constant R=28,31 J K~} mol-1}

.,;./ 107K
: 2.3 26 2.7 2.8 29
.- i K ¥ ‘1
S .39 ' :
-3.3 7k ;
i
X 1
3.9 TN ]
ey 1
40" I SApaiaEmEnszEiaids
b T H i
4.2 - 5 .
T FHHITH
(3 matks)
DSE14_01a
" Answer the following short questions:
(i)  What is meant by the term “activation encrgy’?
(1 mark)

(i)  Atroom temperature, ethanol can be produced by fermentation of sugars in the presence of
yeast, State the function of yeast, and explain why this function falls at high temperatures.
(2 marks)

17
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DSE14_01b
The kinetics of the following reaction at a certain temperature were studies:

BrOs*(aq) + 6(aq) + 6H(aq) ~— 3Daq) + Br(aq) + 3H:0()

Several trials of an experiment were attempted under the same experimental conditions except
varying the initial concentration of BsO37(aq) to mensure the initial rate of formation of I:{aq). The
foltowing graph shows the experimental results obtained from these trials:

®

(i)

(iii)

(iv)

| :

Initial rate of formation of I(aq)
/mol dm3 g7

0 Initinl concenlration of BrOx~(aq) / mol dm=

What is the meant -by the term ‘initial rate’?
(1 mark)

Suggest a method, with justification, to follow the progress of the formation of I2(aq).

(2 marks)
With refercnce to the graph above, deduce the arder of reaction with respect to BrOs(aq).

(2 marks)
The lable below lists the information for two triels of an experiment on the same reaction
performed at the same temperature:

Initial concentration / mol dm=? Initial rate of formation of I(ag)
BrOs(ag) Iaq) H*(aq) /mol dm~ st
Triat 1 0.17 8.15 0.10 230 x 1073
Trial 2 0.17 0.30 0.20 1.84 x 102

(1) Given that the order of reaction with respect to F(aq) is 1, deduce the order of reaction
with respect to H'(ag).
(2 marks)
(2)  Based on Trial 1, deduce the initial rate of reaction with respecl fo BrOx™(aq) under the
experimental conditions.
(1 mark)

18
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DSEIS_0la
(® A cerfain reaction is zeroth order with respect to Io(aq) and first order with respect to both

CH;3COCH;3(aq) and H'(aq). - . .
(1}  State the effect, if any, of a change in the concentration of I2(aq) in the reaction mixture

on the rate of the reaction,
(1 mark)

| (2)  Write the rate equation for the reaction.
i (1 mark)

(iii} The rate constant of a certain reaction doubles when the temperature is increased from 268 K
to 308 K. Caleulate the activation energy of the reaction.

§ Eq
; (Gas constant R = 8.31 ) K"*mol™%; Atrhentus equation: logk = constant — 73 R'I')

(2 marks)
; DSEI5_01b
: Fthanoic acid can be produced by two routes as listed below:
Route (1)
yeast 0, O0H(Y)
sugar solution —— CH,CH,0H(aq) ——= CH,C (ag)
catalyst
| Route (2)
180 °C; 30 atm
CH,0H() + COfg) ——— CH;COOH(D)
catalyst

(i)  The reactions in bath Routes (1) and (2) require the use of catalysts. .
(1) Draw, the same sketch, TWO labelled energy profiles for a reaction, one with a catalyst

and the other one without catalyst.
(3 marks)

(2) Theoretically, catalysts are not consumed in reactions. Suggest why it is still necessary
to replace the used catalyst from time to time in industrial processes.

(1 mark)
DSEls_0la
(i)  What does the area under a Maxwe!l-Boltzmann distribution curve represent?
(1 mark)
19
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DSEI6_6lc
The hydrolysis of sucrose can be represented by the following equation:

HCl(aq)
CH0,,(89) + HO() ——= CH,;04aq) + CHpO4zq)

sucrose glucose fructose
(i)  Threetrials of an experiment were performed under the sanie experimental conditions to study
the kinetics of the hydrolysis, The table below shows the data obtained:

Initial concentration | Initial concentration Initial rate of disappearance of
of C12H22015(aq) of HCl(aq} CiaHaOn(ag) / mof dor s
f tnol dm™> / mo! dm™
Trial 1 0.010 Q.10 6.0 % 107
Trial 2 0.020 .20 2.4 % 10°¢
Trail 3 0.010 0.36 T8 x 10

(1) Given that the order of reaction with respect to HaO(l) is zero, deduce the order of
reaction with respect to Ci2H2011(aq) and that to HCl{aq).

(2 marks)
{2) State the rate equation for the reaction,
{1 mark)
(3) Based on the result in Trial 1, calculate the rate constant under the experimental
conditions.
(1 mark)

(iiy The hiydrolysis of sucrose can also be performed by the action of a certain enzyme. Suggest
the function of the enzyme in the hydroiysis.

{1 imark)

(i) Enzymatic hydrolysis of stareh eventually gives glucose as the only product. According to the

principles of green chemistry, suggest TWO reasons why starch is considered to be more
stitable than sucrose as a source of glucose.

{2 marks)

DSE17 0la
(i)  The following graph shows the variation of the concentration of a reaction A(aq) in a certain
reaction at a fixed temperature with time:

»

/

[A(aq)] / mol dm—3

—_— ————
0 thne / minutes
Suggest, with explanation, the order of reaction with respect to A(aq).
o2 marks)
20

DSE17_01b
The manufacture of sulphuric acid involves the following conversion of SOa(g} to SOx(g):
280x(g) + Oxg) == 280i(g) AH=-197k)mol?!
(i)  Nitrogen oxides (NO and NO2) were once used as catalysts for the conversion, and the
catalytic process is considered to consist of the following two steps:
- 8O(g) + NOu(g) == S0s(g) + NO(g)
2NO(g) + Oaifg) = 2NOufp)
Draw, in the same sketch, TWO labelled energy profiles {x-axis: reaction coordinate; y-axis:
potential encrgy) for the above conversion: one with nitrogen oxides as the catalysts (using
dotted Itne - - - -); {he other one without catalyst (using solid line —).
(3 marks)
(ii) Nowadays in industry, a solid catalyst vanadium(V) oxide is used for the conversion of
80a(g) to SOs(g}).
(1) The reactants need to be purified before passing into the reaction chamber containing
the catalyst. Why?

(1 mark)

DSEI7_0le
Phosgene (COCH) is an important chemical. It can be produced from the reaction of CO(g) with
Chg):
CO(g) + Ch(g) —~ COCla(g)

(i) At a cerlain temperature, if the conceniration of CO(g) is doubled while the concentration of
Cla(g) is kept unchanged, the new rate of reaction will become 2.83 times the original rate.
Deduce the order of reaction with respect to CO(g).

(Note: The order of a reaction may NOT be an integer.)
(2 marks)

DSEI8 0la
(i)  Sketch a labelled diagram for a Maxwell-Boitzmann distribution curve,
(2 marks)

DSE18_0lc
Two sets of experiments (one at 360 K; another at 345 K) were performed to study the chemical
kinetics of the decomposition of N2Os(g).
MNa0s(g) —= 4NOxp) + O:(p)
For each sct of the experiments, the variation of log ro with logN2Os{g}]o was plotied and both of
them got a straight line as shown in the graph below:

Representing Unit
IN20s(g)le  initial concentration of Na2Os(g) mol dm>
ro initial rate of decomposition of N2Os(g) mol dm= 57!
&y straight line obtained at 360 K
£ straight line obtained at 345 K
21
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log (N20s(g))o
4 -3 -2

Itis given that log ro= log k+n log[N20s(g)Jo, where k is the rate constant and n is the order of
reaction with respect to N2Os(g).
() Given that £, and £; have the same slope, what ean you deduce in terms of chemical

kinctics?
(] mark)
(i)  From ¢y, deduce the order of reaction with respect to N20s(g).
(2 marks)
(i) From £, deduce the rate constant for the reaction at 345 K.,
(2 marks)

(iv}  According to the relevant information of the graph, caloulale the activation energy of the
reaction.
(Gas constant, R = 8.31 J K-' mol™)
(3 marks)

22
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DSE19 0Olaiii

(i)  Three trials of an experiment were performed under the same experimental conditions to
study the kinetics of the following reaction :

2A(aq) + B(ag) — 2C(ag) +2D(aq) + E(s)

The table below shows the data obtained :

Trial Initial concentration of | Initial concentration of Initial rate of fonn_ati(in of
A(aq) / mol dm™ B(aq) / mol dm™ D(aq) / mol dm ™5™
1 0.0836 0.202 026 x 107*
2 0.0836 0.404 1.04 x 107
3 0.0418 0.404 0.52 x 10

Deduce the order of reaction with respect to A(aq) and that with respect to B(ag).

(2 marks)
DSE19_1c

1. (o) Tnindustry, CaO(s) is produced from the decomposition of CaCOs{s) :

CaCOy(s) v+ CaO(s) + CO) AH = +180 k¥ mol™

The disgram below shows an operating furnace for producing CaO{s} in an industrial plant. CaCO,(s)
and C(s) enter the firnace from the top while air enters the furnace near the bottomn.

CaC0y(s) and C(s) entering furnace

I

zone A
(preheating)
1000~ 1200 K

4

zone B
1200 - 1500 K

zone C
600750 K

air entering furnace —T

N\

(i) State one feedstock for CaCOs(s).
- (1 mark)

COx{g) and air leaving furnace <——

(ii) Explain why the injection of C(s) and air can result in a higher average tempereture in zZone B
than in zone A.
(1 mark)

(i)  The operation pressure is set at about 1 atm, Give TWO reasons why a higher operation
pressure is not preferred.
(2 marks)

(iv)  The activation energy of the above decomposition of CaCOx(s) is 160 kJ mol ™, Calculate the
ratio of the rate constant at 1500 K to the rate constant at 1200 X for the decomposition of
CaCOs(s).

(Gas constant R~ 8.31 T K™ mol™)
(3 marks)

W) According to chemical equilibrium, suggest why the decomposition of CaCOs(s) mainly
occurs in zone B.
(1 mark)

Provided by dse.life




D8E20_1g

1. ©]

M

(i)

@D

)

™

Consider the following reaction (H,SO4(aq) as catalyst) and its rate equation :

CH;COCH;(aq) + xaq) Hea), CH;COCH,I(aq) + Hi(aq)
(colourless)

Rate = ky[L(a)] [CHCOCH T TH (@) (w, x and y are integers)

Two trials of an experiment were performed under the same experimental conditions to study its
chemical kinetics. The table below shows, in the reaction mixture, the initial concentrations of the
reagents used; while the graph shows the variation of the absorbance of the reaction mixtures with
time :

Trial Initial concentration of Initial concentration of Initiaf concentration of
tial | ourcOCH (ag)/moldor® | H,SOu(ag) / mol dm™ L(aq) / mol dm™
1.0 0.10 0.0050
2 2.0 0.10 0.0050
0.7
1
0.6
oSN N =— Line 1 (Trial 1)

absorbance
o
o

0.3 =— Line 2 (Trial 2)
025
X
0.1
00 s ampuD
100 T 15
time / minute

Explain why the rate of change of the absorbance can represent the rate of reaction.
(1 mark)

Under these experimental conditions, the rate equation can be simplified as

Rate = kz[Iz(aq)]w. With reference to Line 1, deduce w.
(2 marks}

With reference to Line 1 and Line 2, deduce x of the rate equation.
(2 marks}

Given that y = 1 and the unit of the rate of reaction is mol du™ s}, what is the unit of the

rate constant k; 7
(1 mark)

It is proposed that the reaction proceeds consecutively in two steps and is exothermic :

CH;COCH;(ag) ™ CH;C(OH)=CHz(aq) slow
CH,C(OH)=CHy(aq) + Tx(aq) ~> CH;COCH;I(aq) + Hl(ag) fast

Draw an energy profile for the reaction. Label the axes.
(2 marks)

=
(=
[;

3
p—
.
2
L
w
-
.

DSE21_01(a)

v}

(i)

(it

At certain conditions, the activation energy for the decomposition of HCOOH(l) to CO(g)
and HLO(1) shown below is +77.7 ki mol™.

HCOOH(l) = CO(g) + H:0() AH=+28.5k] mol™
What is the activation energy for the formation of HCOOH(1) from Cb(g) and HyO(l) at the
same conditions, in kJ moi~ ?

(1 mark)

The activation energy for @ certain reaction is +65.0 kJ mol-!. The rate constant of the
reaction at 27 °C is k;. Calculate the rate constant of the reaction at 37 °C in terms of ki.

(Gas constant R = 8.31 J K™ mol™; Arrhenius equation : log k = constant - £, )

2.3R
(2 marks)

The rate equation for the reaction A{g) + B(g) — C(g) at certain conditions is given below,
with kz being the rate constant :

2
Rate = ko [A(g)]{B(g)]2
(1) - What is the order of reaction with respect to B(g) 7

(2)  The unit of the rate is mof dm™ s71. State the unit of ka.
(2 marks)

DSE21_01(b)(iv)

()

Catalyst is used in the reaction of Haber process.
(€3] Suggest a catalyst that can be used.

@ With the aid of a Maxwell-Boltzmann distribution curve, explain why the reaction
becomes faster when a catalyst is used. -
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Section A Industrial Chemistry
2022 | (c)  The chemical kinetics of the following reaction at a certain temperature was studied :

Answer ALL parts of the question.
$205%(aq) + 2H*(aq) = SOx(g) + S(s) + H20(1)

| (a)  Answer the following short questions :
Several trials of an experiment were performed under the same experimental conditions, except
(6)) Under certain conditions, ethanoic acid can be manufactured by the following reaction : varying the initial concentration of S;03%"(aq) (represented by [S205%7(aq)]o), to measure the
Rh, HI initial rate of formation of S(s) (represented by ro). The following graph shows the experimental
CH30H(l) + CO(g) —— » CH3COOH(1) results obtained from these trials :
(1)  Suggest one reason why this reaction is considered to be green. log [$205*(aq)]o
-2, -2.2 -2.1 -2, -1, -1
2) Suggest one reason why this reaction is NOT considered to be green. & p . & # SOA‘ I >
(2 marks) >
(ii) A factory manufactures catalytic converters with a catalyst coating on a porous structure. -1.00
- -
(1) Suggest one advantage of using a_porous structure in the catalytic converters. ;‘
2) Explain why the gffectiveness of the catalyst may decrease after prolonged use. -1.10
T "({Z’marks) i
/
(iii) ~ Which one of the following items is NOT manufactured from W ? -1.20
nylon rope, glass bottle, soapless detergent P’ 4 o§:
(3 iy RE
(b)  The diagram below shows a me; e electrolytic cell used in the chloroalkali industry. Brine and ,/"
liquid X are continuously added into the membrane electrolytic cell to produce gas A, gas B and
sodium hydroxide solution. -1.40
7
gas A gas B Fd
T T -1.50
+ = d i
[ [ .
== T II i -1.60
brine ——— — _ (|_[_()Z © [——¢— liquidX
i (i) What is meant by the term ‘initial rate’ ?
anode — L N e cathode E— (1 mark)
T T = ion-permeable membrane (ii)  The rate equation for the reaction is shown below :
used brine (-—:L R L — — — p——=—"> sodium hydroxide solution Rate = k [S205%(aq)]* [H*(aq)]®  where k is the rate constant,

a is the order of reaction with respect to S;032"(aq)

and b is the order of reaction with respect to H*(aq).

(i) What is X ? . . . .

(1 mark) Given that the concentration of H'(aq) used was much higher than that of S,04?-(aq) in each
trial, explain why the above rate equation can be modified as shown below :

(ii) Gas A is formed at the anode of the membrane electrolytic cell.

Rate = k' [S205%(aq)]* where k' is regarded as a constant.
(1) What is A ? (2 marks)
@) Explain why A is formed. (iii) By uzs_ing the dotted lines in the graph above, deduce the order of reaction with respect to

(3 marks)
(i)  Gas B and sodium hydroxide solution are formed at the cathode of the membrane electrolytic

cell (iv)  The experiment was repeated at_25°C and 35 °C separately, while other experimental

conditions were the same. The rate constant of the reaction at 25 °C is k; and the rate constant
) Write a half equation for the formation of B. of the reaction at 35 °C is ka. The ratio of k» to k; is 1.9 : 1.0. Calculate the activation energy
of the reaction, in kJ mol™'. RE——— i

(Gas constant R = 8.31 J K™! mol™'; Arrhenius equation : log k = constant — —EL)

(2)  Explain why sodium hydroxide solution is formed and why it does not contain

sodium chlorid: 23RT
(3 marks) (2 marks)
(iv)  Suggest a chemical that can be manufactured from the reaction between A and _iodiu:n END OF SECTION A

hydroxide solution.

—_— Clost) Provided by dse.life




s e rrrr€rrTrrrerrTrrererrrerer e e e e e

AL9SAD_03a

Marking Scheme
ALI6G(D_01b 6] 1
@ kis in(k) TIX. = /Kt
o 21 L
H 246 % 10° —10.61 273 3.66 x 107
% 4.75 x 107 ~7.65 293 341 % 107 £l
‘g 5.76% 167 -5.16 313 3.19x 107
g L 548x 102 —2.90 333 3.00 % 107
8 1
& graph of In k against
molecular speed 1.0
(i) As temperature increases, fraction of molecules with high average speed / 1 207
kinetic encrgy increases, Bre
Hence, force exerted by the collision of molecules on the container wall / the 13 =2 .:ﬁ
change in momentum of molecules upon collision / frequeney of collision = -6:0* 2]
increases, -7.0
~8.0+
AL97(ID)_03 293
(® () At regular time intervals, withdraw s known volume of the reaction  {1] ::?g- N
mixiure. Add it fo excess NaHCOs to quench the reaction. M 300 340 320 330 340 350 380 370
Titrate against standard $:03:%~(aq) using stavch solution as indicator. [1 1T x107, K
(i}  Plota graph of the titre against time. [1] (1 mark for the curve and % marks for each axis)
Determine the slope of the curve at t =0, f13 Stope=-Es /R {1
(?ii) Colorimetry / use a colorimeter to monitor the concentration of L. i Es = —R(slope) = —(8.31 JK-'mol-)(~11646 K) = +96.8 kJ mol™! {1}
(®) ()  Initial rate is independent of [I2]. (Accept answers from §7.0 to 106.0 kJ mel™; error in sign is not acceptable and the
~otder w.rt. [} =0 m answer must be accompanied with the graph.)
Initial rate doubles when [CHsCOCH3] is increased by a factor of 2. (1 mark for numerical answer, % marks for the unit)
~ order w.rt, [CH3COCH;31 = %] (i)  From the graph
Initial rate doubles when [H'] is increased by a factor of 2. At353K, Ink=-0.92
« order w.rt, [H¥] =1 P k=0.40s" {1¥]
. + Initial rate = £ [CH3COCH3J{H*] {1 (Accept answers from 0.35 to 0.44 s~ rate constant obtained by numerical
(i)  35x1075 = k(2.0 x 1071)(5.0 X 1073) [i] caleulation is also acceptable.)
k = 3.5 x 1072 dm® mol~1s~? [ (1 mark for numerical answer, % marks for the unit)
@) I Ez - Eq (_1_ _ .l) For the first order reaction
k, R\L Ty ) m2 nz [1%4]
E 1 1 k=E—, t1/2=7=1.73s
ln2=-—L-<.—.___) m 1
83141308 298 (Accept answers from 1.56 to 1.90 5}
B, = 4529k mol™ (Range:52.8 — 53.3) {13 (1 mark for numerical answer, % marks for the unit)
(iii)  Titrate the concentration of the dicarboxylic acid using a standard solution of an 1]
alkali.
OR Measure the volume of COz liberate / the gas pressure at a fixed volume.
- 24
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AL98(I)_03b

0]

(i)

(i)

Ty

Ne. of partivles

(probabiity) 2 i partiotes with KE > B, (2%

1
1
'
il
E, L
T:>T

At a higher temperature (Tz2), the pottion towards high kinetic energy is much larger  [#4}
(refer (o the curves in (£)), More particles would have sufficient energy to overcome  [14]
B, and to react.

Increasing the number of effective collision increases the rate of reaction. [#]

3

£C(g)

Potential energy

E(g)+ C(g)
EXg} + C(g)

" reastion coordinate

(% marks for each axis; ¥ marks for each curve, the curve for the catalyzed reaction

should have a hump; % marks for fabelling ihe reactants, produets and intermediate;

¥ marks for showing a lower encrgy state for the product (i.e., indication of an
exothermic reaction.)

The presence of a catalyst causes the reaction to take place via an alternative  [14]
reaction pathivay with a lower activation energy. [¥]
Lowering the kinetic barrier increases the rate of reaction,

AL99(Il €34

M

(Y

Under the same initial concentration of A, initial rate remains the same when 1]
concentration of B is doubled. » order wrt [B] =0

Under the same initial concentration of B, initial rate doubles when concentration of  [1]
A is doubled. » order wnt [A]=1

Rate equation: rate =Kk[A] [}
6.4 % 1075
= e = -3 g1
Tox 1o - L6x107s ]
25
i i ] ! ] i 3 b

{iii)  Possible energy profile:

intermediate
+B

A+B

potential energy

produoets.

reaction coordinate
1 mark for [abelling the axes;
1 mark for showing a correct cutve, rate detenmining step involves only one molecule
of A;
14 morks for labelling the reactants, products and intermedinte,

ALOO(D_07b
Keeping the initial concentrations of the reactants unchanged, carry out the experiment
at different temperatures and determine the corresponding rate constant (4),

Plot a graph Ink against 1/1- , slope of the graph = _'Ea/R

ALOO (I)_03b
(i) Rate = & [CH:Br][ OH]
8.23 x 10-° mol dm~? s7! = & % 0.05 mol dm™ % £.20 mol dni?
k=823 x 16~ mol™ dm’* 5!
(i) T/K 293 308 323 333

%/K“ 3413 %107 | 3.247 x 107 | 3.096% 103 | 3.003 x 103

Ink -9,162 —7.394 -5.786 ~4.800
1
graph of In k against T
-4
5
6
w7
5
-8
-9
-104 r - u :
390 31 3.2 3.3 34

T xt0 K
{1 mark for a correct graph; | mark for labeling the axes. Deduce | mark ifonly 3
points are used.)

£3]

[
{21
{11

1

{1

[t

26

“Provided bv dsedite




X c e s e e rreeoee e

B, AL03(D_02b
slope = —~— = —10648 0
R [ o P
£, = +885k mol! (Range: 86 — 95) il3 <7 [l(eX] [t
@iy  From (i), [I(g)]* = K{ha(e)] {1
ALOI(ID_03 Since Step 2 is the rate determining step, i
(&)  For the same initial conc of Ar(g), initial rate increases by 4 times when the initial Rate of overall reaction = k [Ha(2)I[K&)] = & Kl R(2)][Ha(e)] f13
conc of I{g) is doubled » order w.r.t. [I(g)] =2 m The reaction is first order w.rt. Ha(g) and to h(g).
For the same initial conc of I(g), initial rate doubles when the initial conc of Ar{g) is
doubled =~ order wrt. [Ar{(g)] =1 {11 ASLO3(I)_04
Rate equation = {I(g)]*[Ar(g)] [1] (a) 0] Homogeneous catalyst because Os, O and Cle are in the gaseous phase. [
(b}  rate constant = aox fo']_{;; (11(.)0; 09 = 8.7 % 10°mol~2 dm®s~* (11 (i) Uncatalyzed reaction . Catalyzed reaction
(c) Mechanism: two stage mechanism ]
Ie) + Ar(e) — FArg) fast [n % oy
Kg) + I-Axg) —= D(g) +Ardg) slow g g
Role of Ar(g): homogeneous catalyst i g %
4 'g 'g
2 0;+0 2 |Cle+0:+0 2]
g . 00 : Cle +20,
E il
'g iligr)(g) 1) 2] veaction coordinate reaction coordinate
4 reletiete) (b)  The depletion of ozone is a chain reaction. M
L(g)+ Ar(g) As the Cle tadical is regenerated, one Clo radical can cause the two renctions, which [1]
reaction coordinate i lead to ozone depletion, to repeat thousands of times.
ASLO2(1)_02 ALO4(D) 03a
@) Rate = k [CH3COCH3(aq)I*[Braaq) ' (2aq)J* i) forward rate = k1 [E()F(g)] [¥4]
Keeping the initial concentrations of CHiCOCHs(aq) and H'(aq) unchanged, backward rate = k1[G(g)]* ¥l
doubling Brz{aq) has no effect on the initial rate, ~ y =0 mn (i)y  Energy profile
The reaction is zeroth order w.e.t. [Bra(aq)} .
Keeping the initial concentrations of CHyCOCHj3(aq) unchanged, doubling Hf(aq) 1
causes the initial rate to increase by 2 times vz =1 13 & |
Keeping the initial concentrations of H'(aq) unchanged, increasing the initial g £2]
concentration of CH3COCH3(aq) by 1.3 times causes the initial rate to increase by ) 'g
© 1.3 times. & xratle 1} % P+ @ L_}AH
¥ = [CHaCoCH; GoTIT] o = BN
Substitute a set of data (c.g. the first set) reasiiomicaarginate
5.7x10°5 1 mark for an energy profile for an exotherinic reaction
= 0.30% 0.050 3.8 %107 dm® mol™* 5™ 2] 1 mark for labeiingrhe axes
(Also accept 3.875:¢1 0 und 4.00x107Y)
(1 mark for method; 1 mark for answer + correct units)
27 28
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(i)

k-1 will increase to & great extent.

5, E
k=AeR"  or Ink=C-22
RT

E, for the backward reaction is greater than E, for the forward reaction,
& k- will increases to a greater extent when T increases.

ALO4(ID)_03a

@) Monitoer the pressure of the system: because both N20s and NO; are seluble in
CCls while Oz is insoluble.
OR, Measure the volume of gas evolved because N2Os and NO:z are soluble in
CCly while Oz is insoluble.
(61} kp Byl 1
heRE T
5 B, ¢ 1 1
Ing =~ 5712 (733~ 10)
E, = +100.9 kj mol™!
ALD5(I)_02a
@) I:I
Oé \F
{)  NO:+2
FNO: +3
(iif}  Mechanisin:

NO(@) + Fag) —= ENO(g) + oF(g) rds
NO(g) + oF(g) —= FNO(g)

ASLO6(I1)_10a

0]

(i

)

5
rate of consumption of 0, = 3% 1,24 x 1074

= 1.55x10™ mol dm~? !

Catalyst is a substance which can change the rate of reaction but itself remains
chemically unchanged afier the reaction,

Nitric acid / nitrogenous fertilizers

)

k2]

i
m

(m
[t

{t]

]
%)

{]
{1

[
11
{1

(]

2%

ASLOGUL)_10b

@

)

Ey

number of molecule —»

-moleculnr kinetic energy‘ —

In the presence of a {positive} catalyst, the reaction proceeds through another path
with a lower activation energy Ea.

Number of molecules with energy niof less than the activation encegy is greater than
that without catalyst at the same temperature,

There is an increase in effective collision frequency.

ASLO7(11)_02

@

(®)

©

@

Colarimetry

Bra(aq) has a brown color. When the rcaction proceeds, the brown color of ihe
reaction mix{ure becomes less intense. )

Concentration of Bra(aq) & absorbance of reaction mixture.

Plot a graph of absorbance again time.

Slope of curve att = 0 represents the initial rate,

Rate = k{HCOH{Q][Brz(aq)]Y

‘When [HCQ:H(aqg)] >> [Brz(aq)], the rate equation becomes

Rate = k'[Bra{aq)}Y, where k' = k{HCOH(aq)]*

[Bra{aq)P is the only factor which affects the reaction rate.

The initinl zate doubles when [Bra{aq)] is doubled.

» order w.rt, Bra(aq) is |,

Repeat the experiment using the same reagents, keeping the volume of Bra(ng) used
constant, and vary the volume of HCO:H(aq) used, Measure the initial rate in each
case.

Compare the initial rates to obtain the order w.rt. HCOzH{aq).

ASLOT(TD)_03

(®)

XHr+Y

potential energy

X+Y+H* ;
Z+H

reaction cootdinate

]

(

[1}

83}

U]
m

{1
n
[
]
(3

(n
B}

q

2

30
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TFor the first step, the equilibrivim
[XB"]

[XIH+)

For the second step,

Rate = XH'][Y]

=kR[X][Y][H"]

K=

ALO8(T)_03a

(iif)

C

ASLOR(ID_03

@

®

Monitor the pressure of the reaction system.
Explanation; 4 moles of gases react to give 3 moles of gases.
& (Po— Py ¢ no. of moles of N2 formed.
Keeping {NO] constant and doubling [Ha], the initial rate increases 2 times.
+ order with respect to Ha(g) =1
Keeping [Hz} constant and doubling [NOYJ, the initial rate increases 4 times.
~ order with respect to NO(g) =2
Rate equation:
Rate = k INO(g)}*{Ha(g)]
0.5 =% {0.025)%(0.01)
k=8 % 107 (mol dm~)* s~
‘The reaction is not an elementary reaction.
Explanstion (any ONE of the following):
- The order of reaction is different from its molecularity
- The chance for four molecules to collides and react is very low.

ASLO(ID_0S

(®

®

As (he reaction is catalyzed by H'(aq), treating the reaction mixture with
NaHCO1(aq) can help remove the acid 5o as to quench the reaction.

The rate equation should be in the form of ’

Rate = & [L(ag){CH;COCH; (ag) PIH (aq)]*

The reaction is catalyzed by H*(aq). FI*(zq) is in farge excess and is not consunied.
« [H'(aq)] is constant. )

In each run, [CH;COCH;{aq)} >> [L(aq)], [CH;COCHy(ag)] can be considered as
constarit.

Therefore, the rate equation can be simplified as rate = (2}

The titre decreases with time linearly, the rate of reaction is independent of [I2(aq}].
Thus, the rate reactions order w.rt. to I is 0.
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For each run, the slope of the line represents the rate of reaction.
Plotting a graph of (~slope) against volume of CH3COCHx(aq) used can heip
determine y in the rate equation.

Run ! 2 3 4
0.05 0.10 0.15 0.20

~slope / cm® min!
0.25

0.204

0.154 /_/
0.10 /
005 *

0.00 T T T Y
0 5 10 15 20 25

volume of CH,COCH,(aq) used / cm’

—slope / e’ i

A straight line pass througlh the origin is obtained.

The reaction is first order wit.t. CHsCOCH3

Repeat the experiment by using different volume of H280s(aq) and HO(}) while
keeping all other variables constant.

Plot a graph of log (rate of reaction) against log (volume of H2804(aq) used).

The slope of the graph obtained is the reaction order w.ut. H*(aq).

AL10Q)_01

®

Accept both ‘yes’ and *no’ answer, Marks will be awarded only to the elaboration,
The rate of reaction depends on the coflision frequency of the reactant molecules.
Only those coltiding molecules with KE greater than activation energy, Fa, of the
reaction can react.

When temperature increases, average KE of molecules increases.

Chance of collision between molecules increase and, more importantly, a greater
percentage of colliding molecules has KE > Ee.

ASL10(IT)_08

@

®)

The $03*~(aq) / HSOs{(aq) buffer system miaintains the reaction mixture at acidic
pH, at which phenolphthalein is colorless, (at the beginning) via the equilibrium
HSOs(aq) == SOs*(aq) —+ —Haq)

When $052(aq) is consumed in the reaction, the equilibrium position shifts to the
right to countezact the change.

When nearly all of the HSOs(2q) and SO3*(aq) ions are reacied, there is excess
OH-(aq) ions, the pH of the solution rises rapidly and phenolphihalein will tum pink,
This ia to ensure that HCHO(aq) is in large excess and the initial rate 1/t measured
in each run of the experiment refers to the consumption of the same amount of

. HCHO.

r—

(1]

2]

1
(il

n
(11

[%:1
(1

[¥2}
1

(]

[t

0!

32

Provided by dse.life




©

C)

©

Reciprocal of {time for the first appearance of pink color) is close to the initial rate

Volune of HCHO(aq) used / om? 5.0 7.5 10,0 2.5 15.0

i
-t-/s“‘l 0.0280 | 0.0429 | 0.0559 | 0.0709 | 0.0833

014

LEE

0.1+

75"

0.6

0.04

0.0 + T T T T 1
00 20 40 60 80 100 120 140 160

Voluma of HCHO{ag), em®

The rate of reaction varies as the concentration of HCHO(aq),

» X is first order w.rt, HCHO,

Measuring the time for the appearance of the pink color / detecting the color change
by eyes.

No, methyl orange changes color at low pH, The pH of the HSO5 (aq) / SO:-(ag)
system is higher than the pH at which of methy] orange changes color. « methyt
orange will remain yellow throughout the experiment,

ASLI1(l)_03

B

ASL1I{I)_01

@
®)

©

tate =k [O(g)][Ox(g)] K can be replaced by 2.6x10% ¢m® mol~! s~

By
Ink =1n4 — T

9
By = RTln% = 8.31(210)!n-——-—;‘:§ : 135
=+17,1(4) kJ mol-'  unit must be present before award mark for the answer
(i) Mechanism
Osfg) + oClg) — Oafg) + «OCl{g) slow
«OCl(g} + Og) —= Ofg) + oCli(g) fast
Overall: Oi(g) + O(g) — 20:4g)
1 mark for having the mechanism agreeing with the rate equation
1 matk for adding alt the equations to get the overall equation,
Explanation:
Adding the two mechanistic steps gives the overall equation. The proposed
rate detennining step: O3(g) +9Cl(g) — Oa(g) + *OClg)
suggests the rate equation is rate = k [Ox{g)}[ -CI(g)].
Mechanism agrees with rate equation.
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(i)  Energy profiles

0.44 ki mol?

Dotextial energy

392 & mol™

— 20,()

reaction cotrdinate

{2 marks for the two curves: | mark for the labels)

| mark for showing the two curves

I mark for showing P.E, (with unit or unit indicated by energy values) /
Energy/H AND reaction coordinate / reaction path AND all chemical species
in reactants and products [may include «Cl(g)] and to be balanced

1 mark for labelling 392 (kJ mot™) / ~392 [BUT NOT AH = +392] AND
either 0.44 or labeling catalyzed and uncatalyzed reactions,

ASLI12(IT)_04

®

(b)

1
5 X 3.24 X 107 moldm™3 51 = 1,62 x 10™* mol dm™3 5™*

From results of trial 1 & 2, doubling [Br2]o while keeping [NO(g)Jo constant causes
the initisl rate to increase by 2 times. » order of reaction w.r.t. [Bra] is 1.
From results of trinl 1 & 3, doubling [NO(g)]o while decreasing {Bra{g)]o by onec-half
causes the initial rate to increase by 2 times. » order of renction w.r.t. [NO(g)] is 2.
Rate equaiion: rate = k[NO(g)l[Bra(g)]

3.24x 1074
(0.016)2(3.012)
(if candidates used 1.62 % 107! mol dm s as the initial rate, the acceptable range
will be from 51.5 to 53 mol? dm® 1)
(i) For the rate equation: rate = kINO(g))2[Bra(g)], the order w.rt. each reactant

malches with the coefficient of the corresponding species in the chemical

Triall, k= = 105.5 mol™2dm®s~!  (Range: 103 to 106)

equation of the elementary reaction.
(i) The chance for three molecttles {two NO and one Bra) to collide at the some
time is very small.

ASLI3(ID_05 (modified)
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(&)  The time taken for the red color to disappear will be close to the iniiial rate of
reaction,
®) . 1
fnitial =
itial rate time for the red color to disappear

From trials 1 & 2, when [Br(aq)] is doubled, the rate of reaction increases by 2 times.
+ Order of reaction w.r.t. Br-(aq) ions = |

From trials 1 & 3, when [BrOs~(aq)] is tripled, the rate of reaction increases by 3
times. & Order of reaction w.r.t. Br(aq) ions =1

From trials 2 & 4, when [H*(aq)] is increased by 4 times, the rate of reaction inereases
by 16 times. & Order of reaction wa.t. H'(aq) ions =2

(Accept other correct method)

© B ks E,rl 1
k=AeRT OR }nk—l—'—'—“"‘ﬁ-(‘-,r—z—,l—,'l)
1026 Ber 1 1
"5 TR (ﬁ - '235)
Eq = +62.6 k] mol™*
(dy No.

s B is volatile. The Brz formed will vaporizes and will not react with phenot.
¢ Phenol is volatile, The amount of phenol in the reaction mixture will decrease.
o The rate of reaction is too fast to be determined using this method.

ASLI3(ID)_05

@
7
b}
3
& / Y
st N\»
‘E "I \“ 2
5 /
'g / .
/ ..
/4 PReuns 3
' : molecufar kinetic energy
(b)  Inorder for a gas-phase elementary reaction to ocour, the colliding molecules should

have kinetic energy greater than the activation energy E. of the reaction.

From the graph, the area under the curve for K.E. greater a cerfain amount increases
with teniperature,

* rate of reaction increases with temperature.

DSE1{SP_0la
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(iv)

s r— — r

ClOs(aq) + S5Ci(aq) + 6H'(ag) — 3Clh(g) + 3H:0(})
Rate = k [CIOs~(aq)]{Cl-{ag) [ H* (aq)}”

10X 1075 (0.08)%(0.15)”(0.2)*
4.0 %1075 (0.08)%(0.15)¥(0.4)%
z=2

similarly, x=leand y=1

Rate = & [CIOs (aq)][CGQIH @
1.0 X 107°

* = G08)015)0.D)°

=2,08%10"2 mol™ dm® 57

Arthenius equation:

InZ = 1 1 )
ne= ~i(zeas F1i0 298
E, = +52894 ] mol™* = +52,9 k] mol~!

DSE12PP_01b

@

g

Any ONE of the following:
- ‘The rate of reaction is proportional to the concentration of the reactant.
- The haif-life of the reaction is constant.

E
Ink = constant — —=

R
TIK 313 323 333 343
k7102 10! 27.0 354 504 65.4
T 3.195%107 3.096x1073 3.603x107 2.915x107
Ink -3.612 —3.341 —2.988 —2.727
1
Graph of Ink against 7
2.6+
—2.81
-3.04
324
iy
~3.4 4
.38
-3.8 T T T T T 1
2.9¢ 2.95 3.00 3.05 3.10 3.15 3.20
AT, x10° K

. (1 mark for the graph; 1 mark for the tabels)

Eq
Slope = —3227 = N

r—-

(1
2]

(21

(1]

[2}

[

{1

{1

{t]

2!

35

r—

Provided by dse.life




B, = 3227 X831 = 4268k moi™!  (Range: 24.5 — 29,0)

DSE12_0l¢
(6] Initial rate is used because the initial
(iiy  Compare experiments 2 & 3, [H] remains the same but [NOJ is halved, rate is
deereased by a factor of 4, Therefore reaction order with respect to [NO] is two.
Compare experiments 1 & 2, {NOJ remains the same but [Hz} is doubled, rate is
also doubled, Therefore reaction order with respect to [Ha] is one,
(Deduction must be shown. Accept other means to solve the problem, e.g.
mathematical approach}
(i)  rate =k [NOJ{H]
With data from experiment 1,
1.20x10°% = & [2.50x1072J*[5.00x1072]
S k=0384 dm® mel? 5!

traiions of t are known.

DSEI3_0la
[O)] (1)  x~(molecular kinetic) energy / KE
y — fraction / percentage / number / amount of molecules / patticles
{2)  (From the sketch), an increase in temperature (from Ty to T) will increase the
(average kinetic) energy of the molecules.
This will increase the amount of collisions / increase the collision frequency
/ result in greater effective collisions,
(From the skefch), there is a larger portion of molecules wilt have kinetic

energy greater than Eq,
(i) B, B,
logk = constant — Z3RT OR  Ink = constant — RT

Eq == 3 y
e T -1.73x 10° (Range: — 1.67 to — 2.05)

E, =173 x10° X831 % 2.3 = +33.1kJ mol™! ( Range: 32 to 39 kj mol™1)

Slope of the curve = —

DSEL4 _0la

6] ‘Activation encrgy’ refers to the minimum energy possessed by the colliding
reactant particles in order that a reaction ¢an occur.

(i)  Yeast provides enzyme / catalyst.
At high temperature, the enzyme (yeast) is denatured / destroyed so that it cannot
function as a calalyst.

DSE14_01b
0] Initial rate is the instantaneous rate at the start of the resction.
OR, rateat t=0
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(i)  Taollow the color intensity of the solution / by colorimetry
The solution change from colorless fo brown/yeliow.
OR Titrate with standard Naz2S20; solution,
Quenching. Add starch tdieator. End point: blue fo colorless.
(i)  Theinitial rate is directly proportional to [BrOs~(aq)]. / The graph is linear / 2 straight
line / rate o [BrO3(aq)]
Therefore, the order of reaction with respect to BrOs (ag) = |
(iv) (1) Rate=4[BrOs Gaq)]{ Faa)}{ H'(ag)?
initial rate 1~ (0.17){015) £0.10y” 2,30 x 1073
Initialrate 2 {0.17)(0.30) (556) T1g4x 107
y=2
Reaction is second order with respect to H*(aq).
(Accept other explanation.)
When iitial [I"(aq)] increases by a factor of 0.30/0.15 = 2 / doubles and
initial [H'(aq)] increases by a facior of 0.20/0.10 = 2 / double while keeping
initial {BrOs~(ag)] constant, the initial rate increases by a factor of 1.84 %
107%/2.30 x 107 = 8. Since the vate of reaction is first order with respect to
17, the initial rate increased by four tintes when the initial [H (ag)] is doubled.
{2)  Rate of consumption of BrOs~(ag) = 1/3 x rate of formation of I ’
The initiai rate with respect 1o BrOy(ag) in Trial 1

1
=-230x 107 x 2

=—7.67 Xx 107* mol dm™=3 s~
Remark: negative sign is needed as the initial rate of formation is defined
as positive value.

DSELS Ola
[6}] (1) Noeffeet/ the reaction rate is independent of the chenge in [f2(aq)].
(2)  Rate = k[CH3;COCHa(aq)][H*(ag)]

@ ke E (1 1)_1 y o fa (_1_ 1)
OBk 23R\, T/ %9 T Zar\308 798
E, = +528k mol™  (Range: 523 — 53.3)
DSEI5_01b
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without catalyst

Bnergy with catalyst

products

> Reaction coordinate
(1 mark for each of the energy profiles — total 2 marks: Accept exothermic /
endothermic; one peak or multiple peaks)
1 mark for the labels: Accept potential encrgy / enthalpy but NOT kinetic
energy / energy level)

(2)  Catalyst can be poisoned. / Their active sites can be occupied by other
chemicals making them inactive,

DSEL6_01a
(i)" Total number of particles / total number of molecules

DSEL6_01c
0] (1)  Compare experiments | & 3, (fsucrose] remains the same) but [HCI] is three
times, rate is also three times, Therefore reaction order with respect to HCl is
one.
Compare experiments ! & 2, [sucrose] and [HCI] are doubled, the rate is
quadrupled. Therefore reaction order with respect to sucrose is one.
OR rate = k {CroH»nOn(aq))"[HCIe)"
From Trial 1 6.0 x 107 = £ (0.010)™(0.10)" )
From Trial 2 2.4 % 165 = £ (0.020)™(0.20)" )
FromTrial 3 1.8 109 =£(0.010)"(0.30* (3
(3)+{1) n=t and @+(1) m=1
(2)  (initial) rate = £ [C1zH220u(aq)] [HCl(ag)}
OR (initial) rate = k [sucrosc][H*(aq)][H0()]°
3)  With data from Trial 1,
6.0 % 1077 = £ (0.010) (0.10)
k=60 % 10 dm? mol- s~/ 6 x 10°* d® mol™ 57/ 0.0006 ¢m’ mol™ &7
(i)  Actsas a catalyst. / Increase the rate of hydrolysis / provide another reaction path of
fower Ea,
(iii}  Any 2 reasons of the above, with comparative sense 1 mark cach
e Need not fo separate fructose from the mixture after hydrolysis of starch but the

one with sucrose requires,

¢ Higher atom cconomy as glucose is the only product from the enzymatic

[3]
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[t]
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35

= =

£= =

hydrolysis of starch. / atom economy of hydrolysis of starch is 100% while that

of sucrose is 50% / less than 100%

o Harmful / corrosive / irritating HCI(aq) is used in hydrolysis of sucrose while
liydrolysis of starch involves enzyme which is biodegradable and less harmfut

DSEL7_0la

(i)  ‘The order of reaction with respect to A is zero, 0/ rate = kAT
From the graph, rate of change of [A] is independent to [A] / a constant. [$8]
[Accept: A straight line is obtained. / [A] and time has a liner relationship /

The slope of the line is a constant,

NOT accept: [A] is directly proportional to time.
DSE17_01b
® A

potential energy

reaction coordinate / reaction coordination

i

31

1 mark for exothermic; i.e. energy of product is lower than that of reactants & Ea of

the catalyzed reaction is lower.

1 mark for two steps for the one with catalyst (i.c. two peaks) & one/multiple steps

for the energy profile withont catalyst

1 mark for the labels of SOz & O and SOs [Not accept: reactants & products]

(VAN )

Impurities in the reaction mixture may poison the catalyst. {11

[Accept: Adsorb / The active sites of the catalyst are occupied by impurities.

NOT accept: the catalyst is poisoned by the reactants]

DSE17_0te
@iy  Let rate = & [COJ"[CLI*

From doubling {CO] while keeping [Clz] unchanged,

2.83=2"" -

m=15 {accept 1.5, 1.501]}

DSE!8_Cla

[
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(i)  x-axis: {molecular) kinetic cnergy / KE / velocity of molecules
y-axis: fraction / percentage / number of molecules
Nuinber of
molecules
Kiuelic energy
DSE18_0lc
(63 Order of reaction is riot affected by temperature change,
OR, The order reaction js the same.
(it} From line £ on the graph,
(-1.4) — (-2)
H D ——
siope 0= (<0.6) 1
1t is the first order with respect 1o N2Os(g).
@iy  logk =-2
k=001s"t
(ivy  They-intercepts of £; and &, are~1.4 and =2 respectively.

Since the y-intercept = logk

Ep /1 1
logk, —logk; = == (T—z— T_l)
B 411
D= (3 = 52T (345 _3_65)
By = 49495 k) mol™!  {Range: 92~ 98}
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DSELS. ]

I, (&) () The Haber process produces ammonia / NH; which can make fertilisers to increase crop
yield.

Gy (1) CH,+H;0 - CO+3H,
(2} Itis because biomass is a renewable energy resource.
(iify =  Comparing Trial 3 with Trial 2 (both same in [B(ag)], doubling the [A(aq)] leadsto a
double of the initial rate. Hence, the order of reaction with respect to Afag) = 1.

¢ Comparing Trial 1 with Trial 2 (both same in [A(aq)], doubling the [B{ag)] leads to
four times of the initial rate. Hence, the order of reaction with respect to B(aq) =2.

DSE19_1c

() (i) limestone /marbie
(ii) Carbon burns in air to produce heat,

(iii) « High operation pressure needs high construction cost.
. High operation pressure shifts the equilibrium position to the left, decreasing the

yield.
(iv) k E, 1 1

log (%)= (1)

k' 23R'T, T

k. 160x10° 1 )
log(-2)ys ——(———-———
8™ 23w8.31 1200 1500
b sg
Ky

{v} Higher temperature shifts the equilibrium position to the right, increasing the yield.

(¢) (i) {The absorbance is directly proportional to the concentration of Ix(aq) as} Io(aq) is purple/
brown  coloured while the other species are colourless.

(i) The absorbance decreases with time linearly 7 is divectly proportional fo th
the rate is independent of [f2(aq)].
. The order of reaction with respect to I(aq) =w=0.

(iif) Trial2: slope of the plot = 0.7 + 8 = —0.0875
Trial 1 slope of the plot = -0.7 + 16 =-0.04375
(~0.0875) +(~0.04375) = (2.0/ 1.0)

Order of reaction with respect to propanone = x = 1

(v} dm® mol™ 57t
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(c) (i) {The absorbance is directly proportional to the concentration of Ix(aq) as) I»(aq) is purple/

(i) ¢  Theabsorbance decreases with time linearly {is directly proportional to the tisie, fso
the rate is independent of [[2(ag)].
. The order of reaction with respect to Tz(aq) = w = 0.

(iif} Trial 2: slope of the plot = -0.7 + 8 = -0.0875
Trial 1 :  slope of the plot =-0.7 = 16 =—0.04375
(-0.0875) +(~0.04375) = (2.0/ 1.07*

Order of reaction with respect to propanone = x = |

(iv) dm?® mol™' s

1. (¢} v
@ & y-axis: P.E. / Energy

x-axis: Reaction coordinate

Potential Energy

Reaction Coordinate

{1 mark for labels of axes and
1 mark for 2 peaks + 1% onc higher than the 2% one + exothermic)

—

r——

r—

— T & r— — o o

Industrial Process

AL96(1)_02a
State the method by which sodium hydroxide is produced industrially. Give TWO other products
obtained by this industrial process.

(2 marks)
AL97(Ih_08b
The synthesis of ammonin using the Haber Process involves the following:
Na(g) + 3Ha(g) == 2NHi(g) AH® =-92 kI mol!
(iy  State the effect of a change in temperature on the reaction at equilibrium,
(2 marks)
(i)  Name a catalyst for the process and state the effect of the catalyst on the reaction,
(3 marks)
(iif) ~ State how ammonia is isolated from unreacted nitrogen and hydragen in the process.
{1 mark)
(iv)  Give TWO major uses of ammonia in industry.
A {1 mark)

ALOO(I1)_02¢
(i)  Outline the synthesis of nitrie(V) acid from ammonia. IHusteate your answer with balanced
equalions.
(4 marks)
(il)  Asample of nitric(V) acid contains 68.0% of HNO; by mass and has a density of 1.42 g cm 3,
Caleulate the concentration, in mol dm™>, of HNOs in the sample,
{2 marks)
(i) An aqueous solution of ammonium nitrate(V) was prepared by neutralization of aqueous
ammonia with nitric(V) acid. Suggest how you would obtain crystaliine ammonium
nitrate(V) from the solution,
(2 marks)
(iv)  Dinitrogen oxide (N20), an anaesthetic can be prepared by healing a mixture of ammonium
chloride and potassiun nitrate(V). Write a balanced equation for the reaction involved.

{1 mark)
ALO3(ID_02d
With the help of equations, outline the manufacture of sodium hydroxide.
(3 marks)
42
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ALO4(ID)_03d
Chile saltpetre is a mineral with a high sodium nitrate(V) content.
()  Chile saltpetre was widely used as a nitrogenous fertilizer in early 1900s prior to the invention
of the Haber process.
Suggest two reasons why the use of Chile saltpetre as fertilizer has been phased out after the

invention of the Haber process.
(2 marks)

AL06(I3_09
In 1918, Fritz Haber was awarded the Nobel Prize in Chemistry for his work on the synthesis of
ammonia from its elements. Write an articte on the Haber process and its importance to society.
(20 marks)

ALOS{ID_04c (modified)
Hydrogen is manufactured by steam reforming of naturel gas, which involves the following reaction:

CHyg) + H:O(g) == CO(g) + 3Hafg)  AHC=+210 kI mot

(i)  Suggest one way fo increase the yield of Ha(g).
(1 mark)

(i)  Additional Ha(g) can be obtained by the action of steam on the CO(g) produced. Write the

chemical equation for this reaction,
(1 mark)

@ii)  Give two advantages of nsing Ha(g) as a source of energy.
(2 marks)

ALILO{T)_03a
Ammonia is manufactured by Haber process;

Nig) + 3Ha(g) —= 2NHs(g) AHM<O
Suggest TWO ways to increases the yiold of ammonia when the process is put into industrial

practice.
(2 marks)

43

AL12(D)_06
Read the passage below and answer the questions that follow.

Converting Nifrogen to Nitrogen Compounds
Nitrogen (N2) constitutes 78% of the atmosphere and is very unreactive. The conversion of
nifrogen to nitrogen compounds has posed a chatlenge to chemists. Traditionally, the Haber process
provides a successful means for large scale conversion of nitrogen to ammonia for manufacturing
nitrogenous fertilizers such as ammonium sulphate(VI).

Fe(s)
200 atm; 450 °C

Ny(g) + 3Hy(g) 2NH;(g)

In recent years, chemists have discovered a means to combine Na(g) and CO(g) to give organic
nitrogen compounds such as oxamide (CONHy)z. Oxamide is a slow-release nitrogenous fertitizer.
The discovered reaction process involves treating a hafivium (Hy) complex L fiestly with Na(g) and
then with CO(g), at ambient temperature and pressure, to give an intermediate M. M, when treated
with excess HCI, gives o ide and anther hafium complex Q.

: /& Mo _)‘%ﬁ\
2 (CH,), Si Ny LN (CHy), Si < [ Nl Si(CHy )
X o

3

/ f\l @co@

L 0 M
HCI \ )
exeessHCL_  (CONHy), + 2(CHy), Si Gt
oxantide / \Cl

o

Despite the shortcoming of the above reaction process being stoichiometvic rather fhan
catalytic, chemists still consider the discovery to bs of great research value as itis a ‘dream reaction’.

(3) Explain why nitrogen is very unreactive.
(1 mark)

(b) The manufacture of ammonia by the Haber process is considered as an example of green
chemistry. Suggest TWO reason why.

(2 marks)

{(c) Both hafnium and barium are metals in Period 6 of the Periodic Table. Suggest why hafium

forms more complexes than barium does.
{2 marks)

(d) . Suggest TWO.reasons why oxamide is considered as & belter nitrogenous fertilizer than
i i S R L
(2 marks)
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(¢)  Ascompared with the Haber process, suggest TWO advantages of using the discovered means
(o convert nitrogen to nitrogen compounds.
(2 marks)

(f)  Explain why the above reaction process being stoichiometric rather than catalytic is its
shortcoming.

{1 mark)

DSELISP_01b
For the industrial preparation of nitric acid from nitrogen, give the chemical reactions and the
conditions under which they take place.

(6 marks)

DSEI12PP_0la
L-Ascorbic acid, aiso known as vitamin C, is synthesized by the Reischstein process as shown beltow.

CHO CH,0H cH,on () CH,COCH;
H——OH H-}-on H—-0H (i) KMnO,

HOT-H ~ Stepl HO4-H sip2 HO--H qymot o OyMH
H4-OH — " H—4-0H — plog —— &
H—OH H~{-OH o COH

CH,O0H CH,OH CH,O0H HO
D-glucose D-sorbitol L-sorbose 2-keto-L-gulonic acid (KGA)

HO o, /) CH,OH/HCH
{5_2'/’0 (i) CH,ONa

L-ascorbic acid — iy H,0"

HO  OH

(i} State ONE importance of the Reichstein process.
{1 mark)
(i)  The reagents used in Step 1 are Ha(g) and Ni(s). Name the type of reaction involved,
(1 inark)
(il)) Step 2 is an oxidation wilh the use of an enzyme, sorbilol dehydrogenase. This step is carricd
out at pH 4 to 6, and at about 30 °C,
() Explain why this step is NOT carried out with commonly used oxidizing agents.
- (1 mark)
(D Suggest why this step is carried out at pH 4 {0 6.
(I mark)
(iv) Amethod, with the use of 2 lactonase enzyme such as gluconolactonase, has been adopted for
the conversion of KGA to Z-ascorbic acid,

KGA h’_gluconolaclomse L-ascorbic acid

Suggest TWO reasons why this method is considered greener than the corresponding one in
the above-shown Reichstein process.
(2 marks)
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DSE{2PP_0lc
The diagram below shows a membrane cell used in chloroatkali industry for the production of
hydrogen, chlorine and concentrated sodium hydroxide.

Ch(g) T Hz(g)

e

biine _, Na*(aq)—i—

~—-> concentrated NaOH(aq)
—~OH(aq) i
Clr(ag)=— |

spent biine +— _<— dilute NaOH(aq)

I |
J-)membmné

(i)  With the aid of chemical equations, account for the formation of hydrogen, chiorine and

cancenlrated sodium hydroxide in the membrane cell,
(5 narks)
(i) ~ Chlorine bleach can be made by treating chlorine with dilute sodium hydroxide solution at
room temperature, Write the chemical equation of the reaction involved.
(1 mark)
(ifiy A student leamnt that sodium chloride is highly abundant and that hydrogen is a non-polluting
fuel. The student made the following rematk:
‘Electrolysis of brine can be used in large scale manufacture of hydrogen to help reduce air
poliution problems.’
Do you agree witlt the student? Explain,
(2 marks)

DSE12 0la
Ammonia can be produced by the Haber process through the reaction of pitrogen and hydrogen at
about 500 °C and 200 atm in the presence of a catalyst. The chemical equation for the reaction is
shown below;

o = Nag) + 3Hxg) === 2NHifg) _ AH <O ~ P

() (1)  Whatis the catalyst used in the Haber process?

(1 mark)
(2)  Explain the effect of a catalyst on 2 chemical reaction.
(2 marks)
(i)  Suggest how hydrogen can be obtained for the Haber process, and give a chemical equation
involved.
(2 marks)
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(iii)  Youare given that for the formation of NH3(g) from Na(g) and Ha(g) at 300 °C and 1000 atoy,
the yield of NHa(g) at equilibrium is about 98%. However, the aperation conditions of the
Haber process in industry are set at about 500 °C and 200 atm with the yield of NHi(g) at
equitibrium of about 20%. With reference to the given information, explain why sueh
operation conditions are chosen in industry.

{2 marks)

(iv) In the Haber process, the product mixture s removed from the reaction chamber before
reaching the yield of about 20%. Explain why this is so,

(2 marks)

DSEI2_01b
Methanol is an important compound in the chemical industry. Methanol can be produced from
syngas made from methane.
()  Whyis methano! an important compeund in the chemical industry?
(1 mark)
Gi)  Write the chemical equation for the reaction in the production of methanol trom syngas, and
state the conditions required.
(3 marks)
(i)  State an advancement of the methanol production technology. Bxplain why it is considered

as an advancement.
(2 marks)

DSE13_01b
Eugenol benzoate is a commonly used food flavering agent. Eugenol benzoate can be synthesized
from the reaction of eugeno! with benzoic acid in the presence of sulphuric acid as a homogenous

catalyst.
(o] o =
H,S0, o
@)Loﬂ + 1o @)‘LO + H,0(
OCH; OCH,
benzoic acic eugenol eugenol benzoate

(i}  Suggest why a catalyst can speed up a reaction.

(1 mark)

(i)  Forthe above reaction, would the use of concentrated sufphuric acid or that of dilute sulphuric
acid give a better yield of eugenol benzoate? Explain your suswer.

(1 mark)

(iiiy Fugenol benzoate can also be synthesized from the reaction of eugenol with benzoic acid in

the presence of solid acid as a heterogencous catalyst. With reference to the synthesis of

cugenol benzoate, state ONE advantage of using a homogenous catatyst and ONE advantage

‘of using heterogencous catalysl. oo L
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(2 marks)

DSE13_0le

O
Propylens oxide { HyC—<] }is a chemical commonly used in the plastic industry. Two methods

for producing prapylene oxide are shown below:
Method |

on

L, 1,0 NaOH a
CH,CH=CH, —— > HQC/K/Cl e <
Method 2
CH,CH=Cl, + H0, —= Hsc—éi) + HO

(i) The Ch and NaOH used in Method 1 are products of the chleroaikali industry. Briefly describe
how these two chemicals are produced.
(3 marks)

DSE14_0la
(iiiy  Vitamin C can be obtained from fruits, Explain why it is still necessary to synthesize vitamin
C industrially.
(1 mark)
(iv)  Give TWO imporiant chemicals manufactured in chioroaltkali industry,
(1 mark)

DSEl4 Olc
Read the following passage regarding the Haber process and answer the questions that follow.

fHaber process is an important industrial process. It needs natural gas and air as raw
materials. In order to speed up the reaction invalved in Haber process, iron catalyst in
highly porous form is used for increasing the efficlency of the catalyst, Haber process
also needs suitable reaction temperature and pressure, Moreover, twa factors related to
chemistry have been considered hefore setting the optimal reaction conditions atabout
500 oC and 200 atm, Under these conditions, the reaction yield at equilibrium is about
209%. Through some designs, without changing the optimal reaction conditiens, the

overall conversion percentage of nitrogen In the process can be increased significantly.

@  Explain why the Haber process is an important indusirial process.

(1 mark})
(i)  Why does the Haber process need natural gas as a raw material?
(1 mark}
(i) Explain why making the catalyst in highty porous form can increase the efficiency of the
catalyst.
(1 mark)

“{iv) - - State TWO factors related to chemistry (hat have been considered before setting the optimat

reaction temperature and pressure.
{2 marks)
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(v)  Suggest one design so that the overall conversion percentage of nifrogen in the process can
be increased significantly without changing the optimal reaction conditions.
(2 mark)
(vi)  The South American country Chile has a lot of natueal nitrate mines. History tells us that the
success of the Haber process had led to some impacts on the society of Chile. Suggest one of
these impacts.
(1 mark)
DSE{5_0la
(i)  Write a chemical equation for the reaction in forming ammonia in the Haber process.
(I mark)
DSEILS_¢ic

Chlorine is one of the products manufactured in the chloroatkali industry. The electrolysis involved

in the chloroalkali industry can be preformed ina mercury electrolytic cell, a diaphragm electrolytic
celf or a membrane electrolytic coll.

(i)  Stale the raw material used in the chloroalkali industry.
: {1 mark)
(i)  Suggesta criterion in choosing a site for bui lding the chemical plont for a chloroalkali industry.
(1 mark)
(i) Write an overall equation for the clectrolysis involved in the chloroatkali industry,
(1 mark)
(iv) Explain why a mercury electrolytic celf is NOT considered to be environmentally friendly.
(I mark)
(v)  Whatis the advantage of a membrane electrolytic cell overa diaphragm electrolytic cell?
{1 mark)
(vi) The chloroatkali industry can also manufacture chiorine bleach and hydrochloric acid.
Explain, with the aid of a chemical equation, why chlorine bleach should not be stored together
with hydrochlotic acid,
(2 marks)
DSEl6 0la =
(i)  Consider the following reaction for the production of ethanol by using a certain catalyst in
industry:
CoHa(g) + HaO(g) == CH:CH,OH(g) AH=-45kJ mol!
Justify, under a pressure of 65 atin, why the operation temperature is set at 300 °C with
reference to equilibrium position and reaction rate.
(2 marks)
(iif) Syngas is an important starting material in many industrial processes.
(1) State the TWO major constituent gases in syngas.
(1 mark)
49
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(2) Suggest one important chemical that can be made directly from syngas through calalytic

process.
(1 mark)
DSE16_01b
Consider the manufacture of ammonia by the Haber process in a chemical plant.
() Suggest how nitrogen gas can be obtained in industry.
{1 mark)
(i)  Bxplain why there is a need to install a heat exchanger in the chemical plant.
(2 marks)

(i) If 420 kg of nitrogen and 96 kg of hydrogen arc introduced into the reaction chamber, and
with the yield of ammonia of 15%, calculate the mass of ammonia produced.
(3 marks)
(iv) Nitric acid can also be produced in the chemical plant, Firstly, ammonia is oxidized to give
nitrogen monoxide, and nitrogen monoxide is further oxidized 1o nitrogen dioxide. Rinally,
oxidation of nitrogen dioxide gives nitric acid, Write the chemical equation for each of the
following reactions:
(1) Oxidizing ammonia to give nitrogen monoxide.
(1 mark)
(2) Oxidizing nitrogen dioxide to give nitric ncid.

(1 mark)
DSEI7 0la
6] Consider the Haber process:
(1) Write a chemical equation for the reaction,
(1 mark)
(2) Suggest how amumonia can be separated from the reaction mixture obtained.
(1 mark)
(lii)  Suggest a potential hazard for the storing methanol in a chemical plant.
(1 mark)
50
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DSEL7_01b
The manufacture of sulphuric acid involves the following conversion of S02(g) to SOs(g):
250x(g) + Oafgy == 250x(g) AH=-197kJ mol

()  Nitrogen oxides QNO and NO2) were once used as catalysts for the conversion, and the
catalytic process is considered to consist of the following two steps:

SOg) + NOfg) ~= S50s(g) + NO(g)
2NO(g) + Og) — 2NOa(g)

Draw, int the same sketch, TWO labelled enetgy profiles (x-axis: reaction coordinate; y-axis:
potential encrgy) for the above conversion: one with nitrogen oxides as the catalysts (using

dotted line ‘- - - ~*); the other one without catalyst (using solid Jine —).
(3 marks)
(i)  MNowadays in industry, a solld catalyst vanadium(V) oxide is used for the conversion of
SOx{g) to SO1(2).

(1) The reactants need to be purified before passing info the reaction chamber containing

the catatyst. Why?
{1 mark)
(2) The operation conditions are set at 450 °C and 1 atm to achieve a 96% conversion.
Suggest why it is NOT preferable to further increase the conversion percentage by each
of the following methods:
O Lowering the femperature of the reaction sysiem .
(1 mark)
(I Increasing the pressure of the reaction system
{1 mark}
(3) In order to increase the conversion percentage, one of the reactants used is in slight
From the perspective of feedstock, which of SO2(g} or Ox(g) would be in slight
excess? Explain your answer.

{1 mark}

DSE17_0lc
Phosgene (COCl2) is an important chemical. & can be produced from the reaction of CO(g) with

Ch(g):
CO(g) + Chig) —~ COCh(g)

(i)  Writc a chemical equation to show how CO(g) can be obtained from natural gas.

{1 mark}
(i)  Chilorine can be produced by the flowing mercury cell process.
(1) Write the half equation for the change occurring at the anode.
(2) 'Writc the hulf equation for the change occurring at the cathode.
{1 matk)
51
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(3) Explain why the following mercury cell process has been gradually phased out.
(1 mark)
(i)  Atacertain temperature, if the concentration of CO(g) is doubled while the concentration of
Cla(g) is kept unchanged, the new rate of reaction witi become 2.83 times the original rate,
Deduce the order of reaction with respect to CO(g}.
{Note: The order of a reaction may NOT be an integer.)
(2 marks)

DSE18 0la
()  Write TWO half equations for the ¢lectrolysis of biine using membrane electrolytic cell in
chloroatkall industry,

(2 marks}
(i) Which one of the following species can be a raw material for manufacturing vilamin C in
industry?
Acetic acid, acetone, formaldehyde, glucose
(1 mark)
DSE18_01b
Reaction (1) below shows a process of produsing methanol using catalyst at 100 atm and 250 °Cin
ndustry:
Reaction (I} CO(g) + 2Ha(g) = CH;0H{g)

() (1) Suggesta suitable catalyst for the reaction,
{1 mark)
(2)  Suggest why the reaction would proceed slowly in the absence of a catalyst,
(1 matk)
(3)  Explnin why the operation pressurc in industry for the reaction is set at 100 atm but not
at atmospheric pressure,
{2 marks)
(i) Methano! can also be produced from carbon dioxide, a side product of some industrial
processes, using another catalyst as shown in Reaction {if) below:

Reaction (II): COxg) + 3Hag) = CH:OH(g) + H20(g)

Based on the given information:

(1)  Suggest one reason why Reaction (I) can be considered as greencr than Reaction ().
{1 mark)

(2) Suggest a potential benefit of Reaction {I1) to the environment.
(1 mark)
(ii) One of the industrial applications of methanol is to produce ethanoic acid. Write a chemical

....equation for the reaction inyolved. .

B (1 inatk)
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DSE1LS Olaiii DSE21_01(C)

1. (a)  Answer the following short questions : 1. {¢)  Methanol is an important chemical in industry and can be produced from methane. The production
can be considered as separated into two stages.
6] Explain why the Haber process significantly contributes to crop yield increase. () State one potential hazard of methanol.
(1 mark) (1 mazk)
(ii) [¢)) ‘Write the chemical equation for the formation of syngas from methane. (ii)  Otherthan natural gas, suggest one source of methane,
3 {1 mark)
2) Syngas can be obtained from the conversion of biomass. Suggest why it is considered
as an advancement of the methanol production technology. iy In the first stage, CHi(g) reacts with HoO{g) to form CO(g) and Hx(g), and equilibrium would
g =4 ] gy 2O
{2 marks) be attained. The graphs below show the percentage conversion of CHe(g) at equilibrium

DSElg_Olbl ll under different conditions.

() A chlorcalkaline chemical plant uses membrane electrolytic cells to produce hydrogen, chlorine and

o

=
—
<

g
n . g
sodium hydroxide. 5 3 ’ H o g < -
. ) . . . g €s0 C : £ 2380
@) With the help of chemical equations, briefly describe how hydrogen, chlorine and sodium s = 2 E = T 4
hydroxide are produced in 2 membrane electrolytic cell. 2 g 2 § p Y
(4 marks) § 260 ; g g &
" N o ! 3 g 7
(i)  Sodium hypochlorite (NaOCI) can be made from the products obtained in the membrane g § 40 : g § “ ety
electrolytic cell. Write & chemical equation for its formation. § ) , g 8. i
(1 mark) 3320 4 @20.‘ T T :
DSEZ20_0la =5 A ! =3 | ERaRas
0 > Sot mpmmanas
iz (a)  Answer the following short questions : 500 600 700 300 900 0 10 20 30 40 50
. i temperature / °C pressure / atm
()  Give TWO advantages of a membrane electrolytic cell over a flowing mercury cell in Graph 1 . Graph2
chloroalkali industry.
(2 marks) (1) With reference to Graph 1, explain whether the forward reaction is endothermic or
(i) State the catalyst used in the Haber process. exothermic.
(1 mark)

(2)  With reference to Graph 2, explain, with the aid of a chemical equation, the effect of

(ili)  Sketch TWO Maxwell-Boltzmann distribution curves for a gaseous sample, one at pressure on the percentage conversion of CHi(g).

temperature T), and the other at a lower temperature T, (y-axis : number of molecules; « {4 marks
x-axis : kineti s i
-axis : kinef X : 9 . - .
inetio energy) @ marks) (iv)  Inthe second stage, CO(g) reacts with Hx(g) to form methanol. Write a chemical equation for
e the reaction.
- (1 mark)

DSE21_0Db)(D)-(iin)
(b)  The diagram below shows how liquid ammonia is produced by the Haber process.

No(g) purifier

reaction chamber }——.licondenser ];—b NHy(l)
H;(g)'—vi purifier !’ I

unreacted Nx(g) and Ha(g)

(i) Explain why Na(g) and Ha(g) need to be purified before going into the reaction chamber.

{1 mark)
(ii) Explain why the unreacted Na(g) and Ha(g) are passed again to the reaction chamber.

(1 mark)
(iii) ~ Why does ammania, but not the other gases, become a liquid in the condenser ?

{1'mark}

Provided by dse.life



Marking Scheme
AL96(1)_02a
NaOH(aq) is produced by elecirolysis of brine / concentration NaCl(aq).
Other product: Hz / Cl2 / NaOCl solution (bleach solution) {any TWO)

ALIT(IT)_08b

(i) Increase in temperature causes the equilibrium position to shift to the left,
lowering the yield of ammania.
Increase in temperature increase the rate of formation of ammonia.

(i)  Tron/iron(lIlf) oxide
It can increase the rate of the veaction but bas no effect on the yield of the
reaction,

(iii)  Condense NH; 1o give a liquid / liquify NH3

(iv)  Any TWO of the following:
Manufacture of N-fertilizers, e.g. ures, ammonium sulphate(VD), ammonium
nitrate(V), ammonium phosphate(V) etc.
Manufacture of nitric(V) acid
Manufacture of polymers, e.g. nylon, melamine, acrilan ete,
(Accept other correct uses of ammonia, e.g. as refTigerant, as coolant efc.)

ALQO(EN)_02e
(i) Step Lt

Pass a mixture of NH3 and air over Pt/RW/Cu catalyst al about 600 *C / high

tenmperatuve.

4NHi(g) + 5020g) — 4NO(g} + 6H:0(»)

Step 2:

NO is allewed to undergo oxidation at a low temperature (about 50 °C)

2NO(g) + Oufg) —= 2NOxAg)

Step 3:

NO2 produced is absorbed by water

4ANOa(g) + Oxfg) + 2HO() —= 4HNOs(ag)

Unreacted NO is allowed to go through sleps 2 and 3 again.
(i) Mass of HNOz in t din® = 1.42 x 1000 x 68% = 965.6

965.6

1+14+16x%x3
Accept answer from 15.0 to 15.6 mol dm™
1 mark for method; | mark for answer

Concentration of the acid = = 15.3 mol dm™

(iify  Evaporate/hcat/warm lhe solution to obtain a saturated / concentration selution
of NHNO,.
Allow the solutlon to ceol / use an ice bath to obtain NHNOx(s).
Scparate crystal by filtration.

(v) NHCI(s) + KNOs(s) —= NaO(g) + KCl(s) +2H0Q)

i
3

(]
{)
1
[1]
{n
[
11]
1

(v
[}
(]

A4
4]

[}
[

21

{3
[}

%]
i
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ALO3(I_02d
Electrolysis of brine using steel as cathode and carbon as anode. (Membrane cell)
At cathode: H'(aq) is discharged to give hydrogen gas
2H(aq) + 2 —= Hag)
At anode: Cl™(ag) is discharged to give chlorine gas
2CI{aq) —= Clfg) + 2¢
The Na*(aq) and OH~(aq) ions remaining in the solution constitute a NaOH(nq).
OR  Electrolysis of brine using wercury as cathode and corbon as anode.
At cathode: Na'(aq) is dischnrged to give sodivm (amalgam).
Na'(aq) + e + Hg(l) — Na/Hgh)
Trenting the sodium amalgam with water gives sodium hydroxide.
2No/Hg(l) + 2H0() -~ 2NaCH(aq) + Ha(g) + 2Hg()
(For each method, award 1 mark for the electrolysis involved; 1 mark for the
equation(s) of the electrolytic pracesses involved; 1 mark for the formation of
NaOH(aq).)

ALG4QT)_03d
(8] Any TWO of the following:
«  There is a limited reserve of Chile salipetre and the supply of the mineral is not
inexhaustible / the supply of N2 and H: (from water) is unlimited.
e ‘The cost of transportation of Chile saltpetre is high
s The rapid growth in world population leads to huge demand of fertilizers / tots
of Chile saltpetre were used to make explosives,

ALO6(1)_09
A. Introduction
- With rapid increase in world population, the demand for food increases. Plants
utilize N to build up proteins. The demend for N-fertilizers increased rapidly in
fate 1800s.
- Prior to the invention of Haber process, minerals which contain nitrates (like
Chile saltpeire) were main sources of N-fertilizers,
- The uneven distribution of Chile saltpetre, the transportation cost and other
political reasons made the price of N-fertilizers to fluctuate.
-~ N is'highly abundant in the atmosphere, but it is very unreactive. The success to
convert N2 to N-fertilizers can help provide more food.

B. The Process
- The conversion of N> to NH; involves the reaction:
Na(g) + 3Hafg) === 2NHi(g) AH®=-92kJ mol!

- Reaction conditions:
Pressure: 25 to 150 atm
Temperature: 650 — 720K
Catalyst: Fe containing KOH as promoter
- The yield of ammonia can be increased by increasing the prossure + elaboration.

[}
(U}

[t]

&)
0

M

2]

(2]

(5]
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The cost is expensive if the process is operated under very high pressure.

- Operating the process at high temperature can increase the rate of reaction.
However, the yield of ammonia decreases with increase in temperature +
elaboration, Thus the process is operated at moderate temperature.

- The reaction has a very high activation energy due to the strength of the N=N
bond. The use of a catalyst can provide a reaction pathway with lower aclivation
energy. Fe catalyst is therefore used,

- NH; formed is condensed by refrigeration. Unreacted Na(g) and Ha(g) are
recyeled into the reaction chamber for further reaction.

Raw materials for the process

Raw materials for Ha: natuzal gas, coal or naphiha

- Steam reforming
Pass CHa(g) and H,0(g) over a snitable catalyst (NiO) at about 1000 K and 30
atm
CHi(g) + HiO(g) =—= CO{g) +_3Hag)
After steam reforming, a gaseous mixture containing Ha(g), No(g), CO(g) and
COy(g) is obtained.

- Shift reaction: to convert CO{g) in the gas mixture to COAg)
Pass the gas with H20(g) over a catalyst (iron oxide) at about 600 K.
COg) + HaO(g) == COuAz) +_Hig)
COx(g) formed is removed by scrubbing. The synthesis gas contains about 74%
Ha(g), 25% Na(g) and 1% CHq(g).

- Hgz can also be obtained from cracking of heavy oil / naphtha

Importance of the Process

- Conversion to nitric(V) acid

- The reactions:
4NHy(g) + 50xg) —= 4NO(g) + SH:0(g)

Conditions; 0— 13 atm, excess air, Pd/Pt as catalyst, about 1175 K, % conversion
is about 96%

INO(g) + Oag) == 2NOAg)

3NOyE) + HiO(l) = 2HNOx(g) + NO(g)

Unreacted NO(g) is recycled.

- Most HNO; formed (>80%} is used to produce NHiNO3(s) which is used as a
fertilizer, R S -
NHi(aq) + HNOsfag) —= NHiNOs(aq)

- Ammonia can be used to produce urca which is used as a fertilizer.

The feritizers produced can be used for plant growth and help solve the
starvation problem.

- HNOs can be used to make explosives, e.g. TNT, trinitroglyceride etc.

- Other uses of anumonia: refrigerant, window cleaner, making smelling salt, etc,

r— r—
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ALOG(I)_04e (modified)

W

(i)
(i)

Any ONE of the following:

- Increase the temperature

- Decrease the pressure

CO(g + HO(g) = COxg) t_Hig)

The combustion of Ha(g) gives only water which will not cause pellution to our
environment.

Hydrogen has a small molar mass. The ratio of energy output per unit mass of Ha(g)
is higher than that of other fucls.

ALHO(IT) 03a
Increasc the pressure of the system to about 200 ati (or, to a value which can be withstood

by the reaction chamber),
Remove ammonia by liquefaction and pass the unreacted Na(g) and Ha(g) back into the

reaction chambet.

ALI12(Iy 06

®)
®

©

CY

©)

N=N triple bond is strong (946 kJ mol™).

Any TWO of the following:

+ The reaction in Haber process has very high atom cconomy (100%)

o The reactants (N2 and Hy) are non-toxic and will pose no harm o the environment.

» The reaction takes place in gas phase, No solvent is required.

o The raw material (N2) is available in larger amount in the atmosphere. Depletion
is not a problem,

» The reaction does not require the use of any derivatives,

o Acatalyst (Fe) is used.

Hf is a transition metal / d-block efement, while Ba is a Group II element.

Hf atom has low lying vacant electron shells for dative bond formation, while this is

not the case in Ba,

Any TWO of the following:

« (CONHa): has higher percentage by mass of nitrogen than (NH¢)2804.

« Being fess soluble than (NH4)2804 in water, (CONIR), fertilizer is less readily
leached into lakes and ponds leading to eutrophication,

e (CONH); is a sfow-releast fentilizer s mrch-simaiter-amount-of (CONH - will —

be washed away by rain watet,
o (NH;):504 can make the soil acidic while (CONHz)z2 will not.
The conversion of CO and N2 to CONHz): take place at ambient temperature /
ambient pressure. There is less demand for fossif fuel. / It is not necessary to build
reaction chamber which can withstand high pressures.
The discovered means gives organic nitrogen compounds, i.c. compounds with

useful producté such as pharmaceuticals.
(Accept other reasonable answers.)
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(63} 2 moles of the Hf complex are required for each mole of oxamide formed. The
conversion can be very costly.
OR, The HF complex L cannot be regenerated in the reaction process.

DSELISP_01b

Purificd Nz and Hz (ratio [ : 3) are passed over iron catalyst at 450 °C and 200 atm pressure:
Na{g) + 3Ha(g) = 2NHs(g)

Amumonia is mixed with O; (excess air) and passed over a platinum catalyst at 400 °C,
4NHi(g) + 502g) — 4NO(g) + G6H20(g)

2NC(g) + Oa(g) —= 2NOi(g) :

Resulting gaseous mixiure is passed through water:

4NOx(g) + Oa(g) + 2H20() —=~ 4HNOs(aq)

DSEI2PP_ia
[6] Any ONE of the following:

- Reichstein process is used for synthesizing vitamin C, which is in great demand

as it caanot be synthesized in human body.

- Reichsiein process provides a synthetic ronte to convert D-Glucose, a sugar

which is highly abundant and cheap, to L-ascorbic acid.

- The enzymatic reaction in Reichstein process inverts the sugars from D- to L-

isomer,
(i)  Reduction / catalytic hydrogenation
(i) (D  Commonly used oxidizing agents will also oxidize the other hydroxyl groups
in D-sorbitol / are not selective as compared witl the enzyme,
OR, The enzyme can selectively oxidize the second —~OH group in
D-sorbitol to give L-sorbose,

() At pH<4 or pH>6, the enzyme will undergo denaturation / the
(tertinry/secondary) structure of the enzyme will change leading to loss of
catalytio activitly.

(iv)  This method uses a catalyst (the enzyme) instead of stoichiometric reagents.

It uses less hazardous chemicals (e.g. MeOH / acid).

DSEI2PP Oic
(i) At the cathode, H'(aq) is preferentially discharged because H+ occuples a lower
position than Na* In the electrochemieal series.
2H*(aq) + 2 — Ha(g)
At the anode, Cl(aq) is preferentiatly discharged because its concentration is high.
2CI(aq) — Chig) + 2¢
The membrane only allows cations to pass through it
As there is a higher concentration of cations in the anode compartment (because
anions are removed), there will be a net flow of Na*(aq) jons from the anode
compartrent t the cathode compartiment, and concentrated NaOH(aq) is formed.
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(i Ch{g) + 2NaOH(aq) — NaCl(ag) + NaOCl(aq) + H0()
OR Chg) + 20Hq) —» Cl(aq) + OCl(aq) + HO(l)
(iif)  Aecept both ‘Yes® and *No® answers,
For ‘No’ answers,
* The production ol Hz in chloroalkali industry requires the use of electricity, which
is commonly generated by burning fossil fuel {a major source of air poitutants),
¢ Clz(g) is the main praduct of the chloroalkali indusiry. Large scale production of
Ha(g) will yield surpius Ch(g). The disposal of the unused Cli(g) is costly and
will eause air pollution problems.
For *Yes’ answers,
*  Buming of Ha(g) gives water only.
¢ If there is a cheap source of electricity (e.g. photovoltaic ¢cil), production of
Hz(g) by electrolysis of brine can be a means of reducing air pollution preblems.
(Accept other reasonable answers.)

DSEI2_0la
(O] (1)  Finely divided iron / jron oxide / FeO, Fe 03, FesOq
(2)  Tteanincrease/ decrease/ alter / change the rate of a reaction by providing an
alternative pathway that requires lower / higher / differcnt activation energy.
(it) Steam refornting of natural gas / methane / CHy
CHs(g) + H:0(} == 3Hxg) + CO(g)
CO(g) + H0{) == Hig) + COug)
(i) The higher temperature is used to speed up the reaction.
The lower pressure is dictated by fimits of mechanical design / safety concerns.
(Lowering construction / maintenance costs of the plant / lower risk)
{iv) It takes & long time for the equilibrium (that the NHa(g) is of highest yield) (o be
attained,
Tt can inerense the total amount of NHs(g) produced per unit time.

DSE{2 6ib

(i) Methanol is important because it is a L-carbon compound and acts as a starting
material to niake organic compounds with larges carbon numbers / methanal /
formaldehyde / cthanoic acid / acelic acid / ether (dimethyl ether, MTBE) / as a
solvent.
{Do not accept methenol as fuel, to produce “vinegar®, or it is used to produce
hydrogen / ethene)

() CO(g) + 2Ma(g) — CHiOH{g) (accept irreversible sign)
Any TWO of the following:
Catalyst: Cu/ZnO / Al203
Temperature: 200 — 300 °C
Pressure: 50 — 100 atm
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(i)  Divect conversion of methane to methanol with the usc of a metal oxide cafalyst at
high temperature and atmospheric pressure, The conversion uses a catalytic reagent
/ high atom econonuy.

OR, Oxidation of methane to methanol by microbial reactions. The oxidation
has higher energy efficiency.

OR, Conversion of biomass to syngas/biogas for methanol production. The
conversion uses renewable feed stocks,

OR, Carbon dioxide in flue gas con be converted to form methanol, The
conversion helps to reduce the release of earbon dioxide to the
atmosphere.

OR, Unconsumed hydrogen from chemical industries is allowed to react with

carbon monoxide to form methanol. The conversion uses up the
unconsumed raw materials (hydrogen}

DSE13_01b

(i) A catalyst provides an alternative pathway with fower activation energy.

(i)  Concentrated H250;4 ’
Dilute H>SO4 contains a lot of H20. Water can shift the equilibrium position to
the left / reactant side / cause hydrolysis of ester, and thus lowers the yield of the
produet.
Also accept: cone, Ha8Oy Is a dehydvrating agent/ removes water from the product
side of the reaction and will shift the equilibrium positien to the right / product
side.

(i) Homogeneous catalyst - 280 is readily available / commonty found.
Heterogencous catalyst — can be rensed / ensily regenerated / can be separated casily.

DSE{3_0lc

0] Chlorine can be produced industrially by electrolysis of brine / concentrated
sodium chiloride solution using flowing mereury cell / membrane celt,
Ci(aq) ions are discharged at the anode to give Cla{g).
Anede: 2CI(ag) — Ch{g) + 2¢
‘Membrane cell
H(aq) ions are discharged at the cathode. With (he removal of CI(aq) ions and
H*(aq) ions, the resultant electrolytic solution contains NaOH(ag) in high
concentration.
OR, Overall reaction:  2NaCl + 2H0 —= Cly + Hz + 2NaOH
Flowing mercury cell
Sodium amalgam produced at cathode reacts with water forming NaOH(aq).
OR, 2Na + 2H:0 -—~ 2NaOH + Ha
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DSEl4_0la

(ifi)  Itisto solve the problems of inndequate or shrinking supply of vitamin C,

(iv)  Any TWO: chlorine, hydrogen, sodium hydroxide, NaOCI, HCI, NaCl03, CIO~,
C105™, bleaching solution,

DSEl4_0lc

6] Haber process produces ammonia which can be used to manufacture fextilizers /
explosives, e.t.c. (HNOs, NHsNOs3, NOs™/ refrigerant)

(i)  Matural gas remains the more convenient / chenp way to provide hydrogen as
feedstock for production of ammonia in the Haber process.

(i)  Provides a larger surface area that makes the catalyst more effective.

(iv)  Equilibrium position / yield
Reaction rate / offective collision

(v)  Anyunreacted reactants are reused / recyeled and are alfowed to react again.
OR, Removing ammaonia / liquefying ammeonia from the product mixture so

as to shift the equilibrium position to the produce side.

OR, Further Hy addition

(vi)  As ihe demand for ntining the natural nitrate to produce fertilizers drops drastically,
the mining work was no longer profitable / mining work might be closed / a high
unemployment rate.

DSEL5_01a
(i) 3H: + Nz == 2NH3

DSE1S_0le

[63) Concentrated / saturated sodium chloride (NaCt) solution / brine

i)y  Site should be near the sea (because easy to gel the raw niaterials) / Easy
transportation / Not too near residential places.

(i) 2NaCt + 2H0 —= Ch + H, + 2NaCH

(iv)  Mereury is poisonous

) In membrane cell, more pure sodium hydroxide can be obtained, but not for
diaphragm cell / No impurity (NaCl) in sodium hydroxide obtained in membrane celf
bt in diaphragm cell / Less encrgy is required for membrane cell.

T — {viy Chforineblcach can react with-hydrochlorie-aeid-to-give poisonous chlorine gas.

U}

&)

59

JH' + CIO- + CI"—= H0 + Ch
OR NaOCl + 2HClI — H;0 + ChL + WNaCl

DSE16_0la
@) High(er) temperatuze will have a high(er) rate of reaction.
But the (forward) reaction is exothermic, increasing the temperature will shift the
equilibrium position to left / reastant side. / reaction hs a lower yield / favors the
e th wy & L e nl il i 4 el et ey
Therefore, the operating temperature is sct at 300 °C.
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OR As the (forward) reaction is exothermic, decreasing the temperature will
shift the equitibrium position to right / product side / reaction has a higher
yield. / lower temperature favours the reaction

(i) (1)  carbonmonoxide/ CO and hydrogen / Hz

(2}  Methanol / CH;OH

DSEi6_0ib

(i Fractiona! distillation of liquefied air

(i)  The hot gas from reaction chamber can help heat up the hydrogen and nitrogen /
incoming gases / reactants / reactants mixture / cool dowii the product mixture
Itis to save energy. / to save fucl / conserve (recycle / rouse) energy / heat / reduce
the cost of fite] / energy

) mole ratio of Ny (g) to Hz(g):i}-?%:i‘;@:l:&z
Na(g) is limiting reagent.

420000

28

=76.5kg /77 kg / 76500 g / 77000 g
(76 kg /77.0kg/ 76.5 g : 0 mark)

(ivy (1) 4NH: +50: — 4NO + 6H:0
(2) 4NO: + 0; +2H;0 —= 4HNO;

X2X17X15%

mass of NH3(g) produced=

DSE17_01a
(i) (1) N2 + 3H, == 2NH;
(2)  The reaction mixture is cooled to condense ammonia to fiquid.

OR, The reaction mixture is condensed / is cooled to liquid.
(ify  Flammeble / inflammable / toxic / polsonous
NOT accept harmful
DSEI7_01b
(i) 4

potential energy

reaction coordiuate / reaction coordination

1 mark for exothermic; i.c. energy of product is lower than that of reactants & E, of
the catalyzed reaction is lower.

I mark for two steps for the one with catalyst (i.c. two peaks) & one/multiple steps
for the energy profile without catalyst

1 mark for the labels of SOz & O and SO3 [Not accept: reactants & produets]
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(i) (1) Impurities in the reaction mixture may poison the calalyst,

[Accept: Adsorb / The active sites of the catalyst ate occupied by lmpurities.

NOT accept: the catalyst is poisoned by (e reactants}

2) () Lowering the temperaitre makes the reaction proceed at a slower rate.
[NOT accept lower fuel cost}

(I} The percentage conversion is already very high. / Increasing the pressure
can only lead fo a very small increase in the percentage conversion but
very high cost is needed,
fRequire to mention percentage conversion & cost.]

(3} Oxygen is used in a slight excess because it is more cost-effective / cheaper to
obtain / easier to obtain,

[Requires a comparative sense.]

DSEI7 Ole
0] CHy + H0 — CO + 3H;
Gy (1) 26 —= Ch + 2e
2) Nat + & —> Na
OR Na* + Hg + ¢ — NwHg
(3)  Mercury is poisonous,
(i) Let rate =k [COJ"(CL®
From doubling [CO} while keeping [Cl,] unchanged,
2,83 =2"
m=1,5 faceept 1.5, 1,501
DSEI8 Bla
0] Cathode / negative electrode: 2H aq) + 2e” —= Ha(g)
OR 2H0() + 2 — 20H{aq}) + Hap)
Anode / positive electrode  2Cl(aq) —= Ch(g) + 2¢
(iii)  Glucose
DSE18_01b
{0 {)  Cu/ZnO/ALOs/CrOs [Mark the first one]
{2)  May be due to higher activation encrgy / energy barrier.
(3)  Number of moles of gaseous product is less than that of gaseous reactants.
Increasing the pressure will shift the equilibrium position to the right,
OR, increase in collision frequency / effective collision
Make the reaction faster to reach equitibrium.
(i) (1)  This reaclion does not involve poisonons reagent / CO but the original one
involves poisonous CO.
() Ttreduces the amount of atmospheric carbon dioxide and hence may alloviato
global warniing / greenliouse effect,
@iy CH;OH(g) + CO{g) — CH:CO:H(g)

PPovided Hvdséd
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DSE19_0la

L (a) (@) T.he Haber process produces ammonia / NH; which can maks fertilisers to increase crop i

yield. Green Chemistry
" L
@) (1) CH;+H,0—CO+3H, 1 ALOT()_08 ) , . 3 3 -
14.6 g of benzoin was obtained by heating 5.9 g of benzaldehyde with potassium cyanide in a
(2) Itis because biomass is a renewable energy resource. 1 solvent-feee condition.
(iif) Comparing Trial 3 with Trial 2 (both same in [B(aq)], doubling the [A(ag)] leadstoa 1 0 H
double of the initial rate, Hence, the order of reaction with respect to Afag) = 1. 2 CHO m__&,. lcl—('j
. Comparing Trial 1 with Trial 2 (both same in [A{aq)], doubling the [B(ag)] leads to 1 |
four times of the initial rate, Hence, the order of reaction with respect to Blag) = 2. H

DSE1 9_0 1b benzoin (n.p. 137 °C)

(8) Calculate the percentage yield of benzoin from benzaldehyde.

by B - Use concentrated sodium chloride solution / brine as electrolyte, 1 (2 marks)
N Anode : 2CI(aq) — Cly(g) +2e” 1 i . . P ol .
¢ Cathode: sz%a‘q)) + 25-1(_5)}_12@ +20H (ag) t (b) What is the function of potassium cyanide in this conversion?
. The membrane is permeable to cations but not anions. i (3 mark)
(i)} Cly(g) + 2NaOH(aq) — NaOCl(aq) + NaCl(aq) + HyO(1) ; (c) Is this conversion an cxample of gresn chemistry? Explain, k)
mat
(iif) Atom economy for Reaction (T) = 32/ 108.5=29.5 % 2
Atom economy for Reaction (II) =32/68=47.1%
Reaction (11} is greener as it has a higher atom economy. AL08(D_10
Write an cssay on the spplication of the principles of green chemistry in industry.
20 marks;
DSE20_0la e
L@ @ - No toxic mercury {will be produced by) membrane cell but toxic mercury fmay leak 1 ASLO(D_05 e
out from} flowing mercury cell. Compound B (im.p. 39 °C) and compound D (m.p. of 42 °C) react in the presence of a small amount
C Less energy is required. I . . . P o,
. P m;; fpiseniuas iy s of NaOH(s) to give compound E. The T ebtained can be purified by recrystallization from 90%

ethanol.

(i) Iron/ iron(IH) oxide }iton oxide 7 oxides ofiron 1 o} H o
0 H
@iy Number of 5 ©i§ NaOH(s) O'
Molecules i Y + H0
1 OCHy  without :
solvent Q OCHy

Tl OCH,
B D E OCH,
™ (a) Given that the relative molecular masses of B and D are 132.0 and 166.0 respectively,
o . calculate the atom economy of the reaction,
» Kinetic k

—— e — By ) e (2 marks)

{1 mark for F; hipher than T¢ . . I (6) In a typical experiment, 2.64 g of B and 3.32 g of D yielded 4.40 g of .. Calculate the ——
1 mark for starting ot zero and tail: Ty > Ty Okay i not Iabelling the axes.) i
percentage yield of E..
(2 marks)
(¢) Give FOUR reasons wity this reaction is considered as an example of green chemistry.
{2 marks)

ALI2 (1) 06

chemistry. Suggest TWO reason why.
(2 marks)
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AL13(ID_11 {modified)
Phenol can be synthesized from benzene via the following sulphonation route:

SO3H O3Na gicog ONa OH

@ cone. HZSO @ NaOH @ NaOH @ H @

Nowadays, pheno! is commonly synthesized from benzene via the cwnene route as show below:

0—~0H
CH(CH3), C(CHa)y OH
= O, H,0°
@ i — i @ + CH,COCH,
Zérolite
catalyst
cumene

0] Suggest TWO reasons why the cumenc route is considered greener than the sulphonation

rotlc.
{2 marks)

Gh  Suggest ONE industeial application of the CHaCOCH; formed in the cumene route.
i {1 mark)

DSE118P Otc
The reaction for the production of methylpropene fron 2-bromo-2-methylpropane is represented by

the following equation:
CH CHs
H3C—(13—-CH3 + CHONa —— H,C—C==CH, + C,HOH + DNaBr
Br

()  With reference to green chemisiry, calculate the atom economy of the reaction.
(2 marks)

()  Apattfrom afom economy, suggest TWO other factors that scientists should consider in order

te conduct a green production process.
(2 marks}

DSE12PP_0le
(iv) Amethod, with the use of a lactonase enzyne such as gluconolactonase, hias been adopted for

the conversion of KGA to L-ascorbie acid,

gluconolactonase
e — >

KGA L-ascorbic acid

Suggest TWO reasons why this method is considered greener than the corresponding one in

the above-shown Reichistein process,
(2 marks)

64

DSE12_02a

(i) Compound A is onc of the monomers for making nylon-6,6 in industry. The following
equations show two reactions that can produce A:

H,0,, catalyst .
——— A + HO0 Reaction (1)

O:O cenc, HNO, A + N0 Resction(2)

(1} Reaction (1) is considered to be greener than Reaction (2). Suggest THREE reasons.
(3 marks)
(2)  Inwhat aspect are both reactions considered as NOT green?

{1 matk)

DSEI3 0le

H,C—<] .. .
Propylene oxide ( ~ 3 ) is a chemical commonly used in the plastic industry. Two methods
for producing propylene exide are shown below:

ClHO NeOH
Method | 2
E CH,CH=CH, —>"* HSCJ\/CI — s ey

Method2  CHCH=CH, + M0, -——» H30_<‘]) + H,0

(i)  The atom economy of Method [ is 29.7%. Caleulate the atom cconomy of Method 2,

(1 mark)
(i)  Discuss, from TWO different perspectives, whether Method 1 or Method 2 is greener,
(2 marks)
(iv)  Comment on the following statement and explain your answer.
‘A reaction with a high atan economy should alse have a high yield.
(2 marks)

DSEl4_02¢
(iv)  Some people suggest, from the perspective of envirommental protection, switching from
using polyethene (PE) and poly(ethylens terephthalate) (PET) to using polylactide (PLA} in
making plastic bottles. The repeating unit of PLA is shown below:

CHy 0
%o—c——c%

(1) Itis known thai PLA can be produced from the polymetization of lactic acid through
esterification. Give the structure of [actic.
{1 mark)
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DSE16_0lc

(2)  Explain why the switching might be environmentally friendly. . )
The hydrolysis of sucrose can be represeated by the following equation:

(1 mark) ;

N s . ; X HCl(aq)
(3)  Suggest a potential problem of widely replacing PE and PET by PLA. C 0,4 (9) + HO() —— CeHp04aq) + CHpOkag)

(1 mark) ' sucrose glucose fiuctose
DSEIs_0ib (iiiy Enzymatic hydrolysis of starch eventually gives glucose as the only product. According to the
Ethanoic acid can be produced by two routes as listed betow: i principles of green chemistry, suggest TWO reasons why starch is considered to be more
Route (1) i suitable than sucrose as a source of glucose.
! (2 marks)
. yeast 0, :
sugar solution —— CH,CH,OH(aq) ——» CH,COOH(aq)
catalyst DSEI6_02a
Route (2) | (i)  Cellulosc is a natural palymer and its structure is shown below:
CH OH
180 °C; 3¢ atm
CHOH() + CO(g) — = CH,COON() . 0 HO
calalyst { O 0
| HO (&}
(i)  Thereactions in both Routes (1) and (2) require the use of catalysts. | OH OH "
(1) Draw, the same sketch, TWO labelled energy profiles for a reaction, one with a catalyst ] : f
and the other onc without catalyst Explain why cellulose is considered to be environmentaily friendly.
. (1 mark)

) (3 marks)
(2) Theoreticaily, catalysts are not consumed in reactions. Suggest why it is still necessary

to replace the used catalyst from time to time in industrial pracesses. DSEI7_0le

Phosgene (COCIp) is an important chemical. It can be produced from the reaction of CO(g) with

(1 mark)
(ii) Suggest TWO reactions why Route (1) is considered as a green process. Clx(g):
(2 marks) CO() + Ch(g) —= COCl(g)
. " A id
(iif) Suggest TWO reasons why ethanoic acid used in the plastic industry is manufactured by (iv)  Explain scparately why the above process of producing COCla(g) can be cansider
Route (2) instead " (1) green, or
oute (2) instead of Route (1) ac 3 ——
marks
{2) notgreen.
(I mark)

DSEI5_02a

(i)  One of the monomers for making nylon-6,6 is HOOC(CH,)sCOOH. Traditionally, it can be

prepared by the following reaction path: DSELT 02¢

(iii) The diagram below shows the structure of polyhydtoxybutyrate (PHB):
OH
- conc. HNO.
- g — e wooEEHy OO+ Ny — ———————

- —— —_ L B
; ()\ /CHZ\ s I
Suggest TWO reasons why the above reaction path is NOT considered to be green, | CHz CEa n

(2 marks) | PHB

(1) PHB is 2 thermoplastic polymeric biomaterial.
Based on the fact that PHB is a polymeric biomaterial, explain separately why it can be

considered environmentally friendly in its production and disposal.
e Zmarksy
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DSELY _1b im

(2) PHB can be classificd as polyester. . (iif) 35;::%1;?1;30@, this chemical plant can produce hydrazine (H,NNH,), a propeliant used in
icles :

Based on the fact that PHB contains ester {inkages, explain why it can be considered

environmentally friendly in its disposal. NaOCl +2NH; — HyNNH, + NaCl+ H,0 Reaction (1)

(1 mark) However, instead of using NaOCI, H,0; can also be used to produce hydrazine :
DSEIS 01h HyO4+ 2NH; — H,NNH, +2H,;0 Reaction (1)
Reaction (1) below shows a process of producing methanol using catalyst at 100 atm and 250 °C In By caleulating the respective atom economy of Reaction (I) and Reaction (II), compare
: which of them can be considered as greener.
industry: (Formula masses : NaOCI = 74.5, NH; = 17.0, H,0; = 34.0, HNNH, = 32.0, NaCl = 58.5,
Reaction (1) CO() + 2Hg) —— CH;OH(g) H,0=18.0)
i) (1) Suggest a suitable catalyst for the reaction. (2 marks)
(1 mark)
(2)  Suggest why the reaction would proceed siowly in the absence of a catalyst.
(1 mark) DSE20_1b
(3)  BExplain why the operation pressure in indusiry for the reaction is set at 100 atm but not
at atmospheric pressure. (b)  The two reactions befow can produce N-hexylbenzamide :
(2 marks) Reaction (I) :
(i) Methanol can also be produced from carbon dioxide, a side product of some industrial
processes, using another catalyst as shown in Reaction (I} below: LiOH WAV LN
. NN B o RN ——
Reaction (I[): COxg) + 3Ha(g) === CH;O0H(g) + H0(g) o NH, “Cwithout solvent) 1!x o e
Based on the given information: ethyl benzoate hexan-Lamine  200°C, 30 mi N-hexylt id :
(1)  Suggest one reason why Reaction (IT) can be considered as greener than Reaction (1) Reaction (1) :
(1 mark)
{2)  Suggest a potential benefit of Reaction (1} to'the environment. ) ©j\o/ NaOCH, T/W\
ark NN ——————
(1 mark) " NE;  (with solvent) H
(il  One of the industrial applications of methanol is to produce ethanoic acid. Write a chemical methyl benzoate hexan-1-amine 50°C, 20 hours N-bexylbenzamide + CH;OH
equation for the reaction involved. )
(1 mark) (i) Based on the above information, suggest one reason for each of the following :
(1) Reaction (I) can be considered as greener than Reaction (I1).
DSE18_02a (2)  Reaction (IT) can be considered as greener than Reaction (1),
(i}  The following chemical equation shows how viny! acetate can be obtained. (2 marks)
Pd (i)  In Reaction (II), 3.00 g of methyl benzoate reacts with 2.23 g of hexan-1-ami i
2CH,COCH + 2CHz=CH, + 0, — 2CH,CO0CH=CH, + 2H,0 3.89 g of N-hexylbenzamide. Caloulate the yield of this pro dm’g of hexan-1-amine ta give
vinyl acetate (Relative molecular masses : methyl benzoate = 136, hexan-1-amine = 101,
! N-hexylbenzamide = 205)
Give TWO reasons why this reaction can be considered as green. (2 marks)
(2 marks) ()  The methanol produced in Reaction (1I) can be used to manufacture ethanoic acid in industry
by the following reaction :
180°C, 3
CH;OH() + CO(g) se2Ma CcOoH()  AH<O
catalyst
(1) According to chemical equilibrium, explain why the operation pressure in industry
for the reaction is set at 30 atm but not at atmospheric pressure,
(2)  Explain why the optimal operation conditions are set at 180°C and 30 atm,
(3 marks)
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Marking Scheme
ALO7()_08
Q@ % yield = 145 X 100% = 91.8%
15,9 ’
®) Catalyst
(¢}  Open-end questions:

Yes. Any ONE of the followings:

The reaction does not involve the use of solvents
The reaction has & high atom economy

A catalyst is used.

No side product

N

. One step reaction
No. The reaction requires the use of KCN which is highly toxic.

ALOB(I)_10
Cuandidates are expected to discuss the application of at least four of the principles of green
chemistry in industry,

m

@

€]

Atom cconomy: synthetic method should be designed to maximize the incorporation
of afl materials used in the process into the final product.

Atom cconomy industry process:

¢ Manufacture of nylon-6 by Beckmann rearrangement.

° ot e = A[I;I\/\/\/Iﬂ\
e
(j = heat N >

*  Addition reactions, &.g. obfaitiing saturated fats by catalytic hydrogenation,

¢ Haber process in the menufacture of ammonia

Less hazardous chemical synthesis: wherever practicable, synthetic method should

be design to use and gencrate substances that possesses little or no toxicity to human

lealth and the environment.

¢ Use of supercritical CO; in decaffeinating coffee and in dry cleaning:
replacing harmful organic solvents such as CH2Cly, benzene by non-polluting
supercritical CO,.

Safe solvents and auxiliaries: the use of auxifiary substance (e.g. solvents, separating

@

©)

agenis) should be made unnccessary wherever possible and innocuous when uged.

o Solvent free syntheses: e.g. manufacture of PMMA by grinding monomers
with a catalyst.

Catalysis: catalytic reagents (as selective as possible) are superior to stoichiometric

reagents.

»  Haber process in the manufacture of ammonia

*  Biocatalysts and asymmetric catalysts. _

Design for energy efficiency: energy requirements of chemical process should be

recagnized for their environmental and economic impacts, and should be minimized.

If possible synthetic metheds should be conducted at ambient temperature and

r—

2

{1
(1

6%

—

c— — — — -

pressure.
*  Useof fuel cells,
*  Replacing AICI; by partialty dealuminated zeolite Y catalyst.

ASLOY(IN)_05
@ Relative melecular mass of desired products
Relative molecular mass of all reactants
_ 132.0 + 166,0 — 18

132,0 + 166.0

Atom economy = 0
= 94,09
94.0% o

® F moles of B used = e = 0.02
no, of moies ol use ——m— . [%]

4.40
no. of moles of B obtained = 5800 = 0.0157 ()

0.6157 n
0.02

Any FOUR of the following:

- The reaction has high atom economy

- The reaction has a high yield

- The reaction does not require the use of solvent
- Acatalyst, NaOH(s), is used

- The other product, H20, is non-toxic

% yield of reaction = = 78,5%

© [21

ALI2(I)_06
@)  Any TWO of the following:
o The reaction in Baber process has very high atom economy (100%)
» The reactants (N2 and Hy) are non-toxic and will pose no haom to the environment.

12]

e The reaction takes place in gas phase. No solvent is required.

e The raw material (N2) is available in Jarger amount in the atmosphere, Depletion
is not a problem.

* The reaction does not require the use of any derivatives.

A catalyst (Fe) isused,

ALI3{IIy_11 (modificd)

(i) Any TWO of the following:

- The cumene route does nol involve the use of corrosive acids {(conc. HzS04) /
alkalis (NaOH)

- Acatalyst (zeolite) is used in the cumene route.

- The cumene route has a higher atom economy.

Propanone, CHyCOCH;, can be used as a solvent / to manufncture plastics, c.g.

PMMA.

(2

(i iy
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Atom economy
__ molar mass of desirable product
~ sum of melar masses of ail products

molar mass of methylpropene
~ molar mass of methylpropene + ethano! + sodim bromide
56
~ 56+ 46 + 102.9
=2713%
Examples of other factors (Any TWO}:
- Waste minimization at Seurce
- Use of catalysts in place of reagents
- Use of non-toxic reagents

X 100%

- Use of renewable resources
- Use of solvent free or recyclable environmentally benign solvent system.

DSEI12PP_Qla

(iv)  This method uses a catalyst (the enzyme) instead of stoichiometric reagents,
1t uses less hazardous chemicals {e.g. MeOH / acid).
DSEL2_02a
(i) (1) ¢ The hydrogen peroxide used in Reaction (1) is loss corrosive / hazardous
when compared with the concentrated nitric acid used in Reaction (2).
¢ The by-product HzO produced in the Reaction (1} is less harmful /
envitonmentally friendly when compared with he by-product N0
produced in Reaction (2), which is an air poliutant.
s A catalyst is used in Reaction {1) but not in Reaction (2).
[Must be in comparison style]
(2)  Both reactions consume starting materials that possibly obtained from is a
non-renewable resource / petroleum,
DSEL3 0lc
iy  Method2:
58
Atom economy = 7 76.32%
(iii) Method 2 is greener.

Any TWO of the following:
- It has a higher atom economy
- Itproduces less rate (less side products) and less treatment is required / requires

less steps.

- - Less hazardous chemicals ars used such as method. | uses (more) toxic Ch /

Method 1 uses more corrosive NaOH / Method 1 use more foxic Ch.
(Accept any reasonable answer and note for comparative sense.)

[
28]
2]

m
(i

{1

{1

[1

1

i
[2]

n

(iv)  The calculation of atom cconomy is based on a 100% completed reaction / complete
conversion of reactants to products.
Most reactions do not go to completion / There is loss during handling / The yield is
related to extent of reaction (percentage conversion).
Thus a reaction with high atom economy does not necessarify have a high yield,
DSE14_02¢
vy O CH; O
HO—CH~—~C—O0OH
(2)  PLA is made from rencwable resources, while PE and PET are made from
non-renewable pelroleum products.
OR, PLA. is bisdegradable, while PET and PET are non-bicdegradable.
(3) PLA is made from agricultural produets, Massive production of PLA may
affect the supply of food.
PSE15_01b
® W b
without catalyst
Enetay =3 with catalyst
reactants /
products
+ Reaclion coordinate
(1 nsark for each of the energy profiles — total 2 marks: Accept exothermic /
endothermic; one peak or muitiple peaks)
1 mark for the labels: Acoept potential energy / enthalpy but NOT kinetic
energy / energy level)
(2)  Catalyst can be poisoned. / Their active sites can be occupied by other
chemicals making them inactive.
@iy  Any TWO of the following:

s Al{biclogical) catalyst/ enzyme is used.

e The reagent (O7) used in non-toxic

o The reactions take place in aqueous phase. (No organic solvents are vsed.)

+  The feedstock (sugars) is renewable.

*  The wastes fonned are biodegradable.

¢  The reaction is carried out at room temperature / pressure / requires less enexgy.

) 53 AR

(i

(1

(1

n

(1

3

{3

2
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(i)  Any TWO of the following:

®  The reactions in route (1) are carried out in dilute / aqueous solution whilc route
2 is not. / The ethanoic acid preduced in route (1) is in form of ditute / aqueous
solutions while route (2) is not. / In route (2), the ethanoic acid produced is purer
/ concentrated. / The recovery of the ethanoic acid from these solutions in route
(1) requires much more encrgy than route (2). / The amount of ethanoic acid
produced by the fermentation route / route (1) cannot meet the Jarge demand of
ethanoic scid but route (2) can,

*  The rate of fermentation / aerial oxidation in route (1} is slower.

¢ Route (2) does not consume food but route (1) does,

DSE15_02a
(iif)  Conc. HNOs is cotrosive,
NO; is poisonous / irritant.

DSE16_0lc
(ili)  Any 2 reasons of the above, with comparative sense 1 mark each
»  Need not to separate fructose from the mixture after hydrolysis of starch but the
one with sucrose requires.
»  Higher atom economy as ghicose is the only product from the enzymatic
hydrotysis of starch. / atom econemy of hydrolysis of starch is 100% while that
of sucrose is 50% / tess than 100%
¢ Harmful / corrosive / irritating HCI(aq) is used in hydrolysis of sucrose while
hydrolysis of starch involves enzyme which is biodegradable and less harmful

DSE16_02a
(i) Cellulose is biodegradable / biodegradable / degrade readily by bacteria / enzymes /
can underge hydrolysis

DSEI7 01c

(iv) (1) The atom economy is 100% in the reaction, / No solvent is required in the
reaction,
[Accept; Thie atom economy is high] -

(2)  The reactant / CO / Cl; are poisonous / toxic.
NOT accept harmiul,

DSE17_02¢
iy (1)  Production: Biomass is raw material / renewable resources
Disposal: PHB is biodegradable / degrade readily by bacteria / enzymes
(2)  Disposal: PHB undergoes hydrolysis / decomposition in the presence of acids
/ alkalis.

[2]

{1
g

[2

[

[t

[t

3
(1
(1
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DSEI8_0tb
[Q)] (1)  Cu/ZnO/ARO:/ Cra03  [Mark the first one]
(2)  May be due to higher activation energy / energy barrier.
(3)  Number of moles of gaseous product is fess than that of gaseous reactanls.
Incressing the pressure will shift the equilibrivm position to the right.
OR, increase in collision frequency / effective collision
Make the reaction faster to reach equilibrium.
(y (1) This reaction does not involve poisonous reagent / CO but the original one
involves poisonous CO.
(2) Tt reduces the amount of atmospheric carbon dioxide and hence may alleviate
global warming / greenhouse effect.
(i) CH;OH(g) + CO(g) — CHiCOM(g)

DSE18_02a
[O)] Any TWO of the following:
*  Catalyst is nsed.
+ High atom economy / atom economy = 172 + 208 =82.7%
¢ Water generaled possesses lille or no foxicity to human health and the

enyironment.

DSE19_1b

Use concentrated sodium chloride solution / brine as electrolyte.
Anode : 2CI(aq) — Cly(g) +2¢

Cathode : 2H;O(1) + 267> Ha(g) + 20H (aq)
The membrane is permeable to cations but not anjons.

® O -
(i) Cly(g) +2NaOH(aq) —» NaOCl(aq) + NaCl{ag) + H,O(1)
(ili) Atom economy for Reaction (I)=32/108.5=29.5%

Atom economy for Reaction (11} =32 /68 =47.1%
Reaction (II) is greener as it has a higher atom economy.

1

D]
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m
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1
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2
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DSEZ20. 16

/ The side product, ethanol, of Reaction (1) is less toxic. ./ Mo foxic methanol will be

produced in Reaction (1):but Resction (I} will,
(A comparative sense)

(2) Lower temperature is needed. / Higher atom economy. {less encressis not accepted)
(A comparative snse)

(i) 3.00+ 136 =0.022 mol
2.23 + 101 = 0.022 mol
(3.89 + 205) + 0.022 x 100%
= 86% -
{24 sign fig: vanpe: 85.8 863y
{1 moark for steps and | mark foranswer)

(ifi) (1) Because increasing the 7 Highet pressure can shift the equilibrium position to the right
# Bighervield.

(2) - Higher temperature will have a higher rate of reaction. But the forward reaction
is exothermic, increasing the temperature will shift the equilibrinm position to
the left £ foweryield. )

. Higher pressure {will shift the equilibrium position to the right but} extra cost
is needed.
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