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* Kinetic chemistry: It is a branch of physical chemistry, which is the science
that specializes in studying the speed of chemical reactions, the factors affecting
them, and the mechanism of these reactions.
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What is the difference between thermodynamic chemistry and Kinetic
chemistry?

-Thermodynamic chemistry is concerned with the study of energy and its
transformations in any chemical reaction, and with the study of whether the
reaction occurs or not, and it is concerned with the initial and final state of the
system.

- Kinetic chemistry is concerned with the study of the speed of chemical reactions,
the mechanism by which reactants are transformed into products and the time
required for this transformation.
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Reaction Rates

It is known that all changes around us, whether chemical or physical, require
time to occur. A change may take place over a very short period of time, or it
may take place over a very long period of time.

ibgll aludlllg aglell sliualgl



%»5% gouLy
=il alig 290 NSMO

Ministry of Education Mawhiba
The time required for these changes can be controlled by controlling the reaction
rate. As the reaction rate increases, the time required for the change to occur
decreases, and vice versa.
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For example, some foods spoil quickly due to chemical reactions caused by
bacteria, and cooling these foods at low temperatures slows down the speed of
these reactions and thus remains edible for a longer period.

5 La ¢ e Jelitl) Aoy e b 55 sal) Jal g2l (g age e @i o3le gl QU & /il
tdalall 128

Deduce/ In the previous example above, there 1s an important factor affecting
the speed of a chemical reaction, what is this factor?
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el Aally Al of Alelitall o) gall (S 53) eS8 il Jana 58
vl il gl 3 8 sl 3l Jane f
o 0 Al Al iial) o sall € 55 b il Jona |
Rate of Chemical Reaction Speed:

It is the rate of change in the amounts (concentration) of the reactants or produced
in relation to time.

or The rate of increase in the concentration of the output relative to time.

or The rate of decrease of reactants' amount relative to time.

J
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A[Reactant]  A[Product]

Rate = — -
ate At At
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In practice, the speed of the reaction can be measured by measuring the rate of
disappearance of a reactant or the rate of formation of a resulting substance, as
the law of conservation of matter means an increase in the concentration of the
products means a decrease in the concentration of the reactants.
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Figure 7-1: The course of the A B reaction was observed for 60 seconds, followed every 10 seconds. At first,
there were A molecules (grav balls). Over time. B molecules (red balls) began to form

e b paliay) 4l Lliad 2 ¢ A B Jeliill de ju :7-2 JSil
ool e B lisa sae 33h 55 e 3 () Ay A Sl 5

Figure 7-2 : The rate of the Aa B reaction , represented
as the decrease in the number of A molecules over time,
and the increase in the number of B molecules over time
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From the above figures we can express the speed of the reaction either

Rat AlB] Or Rat AlA]
ate = —— r ate = ———
At At
el s e e by Aleliiall ol gall 38 53 o) ied oDled ¢ i@l & Al 3 ,LaY)
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A negative signal in the above law means that the concentration of the reactants
decreases over time

A positive signal means that the concentration of output increases over time.

- Al Jelal
aA+bB—> cC +dD
Pte — A[Al  1A[B] 1A[C] 1 A[D]
Me="T"Ac - b At ¢ At d At

(0080 5)/(OS sidang) (o8 Jeldill de judan
The unit of reaction speed is (unit of concentration) / (unit of time)

mol/ L.s
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The speed of product formation and the speed of disappearance of reactants

depend on the moles involved in the reaction, so the number of moles must be
considered when calculating the speed of the reaction as in the above law.

Example 7-1 7-1 Jba
) el ¢l ynt i)
Write down the expressions of the following reactions:

A) T (aq) + OCT (ag) =CI (aq) + OF (g
B) 304 — 205

-l
_ A7) _afocrT] _ AfetT] _ aforT]
A) Rate = At At At At
B Rate =4 2 o
Example 7-2 7 -2 Jéa

-l el el
Consider the following reaction:
8208 (ag) + 3T (ag) = 28047 ag) * I57aq)
Taq) “Usl 02 0.072 M 5 8,08 (ag) Uisil 52 0.050 M sle (5 5 (e Jslas yna’
2Ll Jpaall 845 5 Lo Jpand) 3 Al Gl [T7] el b e Jeliill 48) e o3
An aqueous solution containing 0.050 M of S;0s* g ion and 0.072 M of I, is

prepared, and the progress of the reaction followed by measuring [I']. The data
obtained is given in the table below.

Time o= (s) 0 400 800 1200 1600
[T (M) 0.072 0.057 0.046 0.037 0.029
Calculate the concentration of S;Os* (aq) remaining at 800 s.

Jal
S208%(aq) T 3T aq) — 25047 (aq) + I57aq)
t=0 0.050 0.072
t=800 ?M 0.046

A[l'l=0.046 — 0.072 =-0.026 M reacted
Al S;,05*1=1/3 (-0.026) = - 0.00867 M reacted
[ S205%1=0.050 — 0.00867 = 0.041 M
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Assumptions of collision theory:

e Atoms, ions, and molecules (reactants) must collide with each other in
order for the reaction to take place.

e Not every collision has to trigger a reaction.
bl Cpda ydh (3aBaT e Y Jlad adbuatll (98 (S
zanall olai¥) 8 codleldiall aalati of -]
el sdeal) oy oS3 4IS D8y e lital) aabiati () -2
For a collision to be effective, two basic conditions must be met:

1- The reactants collide in the right direction
2- The reactants collide with sufficient energy to form the activated complex.

'*,,1 r =
) 4
+ \ \v ‘y} + ‘ /‘I
@ 37

A, + B, - 2AB
Jeladl) e GSJ FEBA %) :L}BIS 4_\45.1} C_\MM oL g_qu:\.m;J\ ejbaﬁ u\ i 7-3 Jal

Figure 7-3: The particles must collide in the right direction and with enough energy to induce the reaction

Calan) 5 Jadiiall Sixall (5 €81 o 3O Al litall iy Jaldl (g2l AN e Y1 2all i, Jasdiiat) AU

Jell

Activation energy E.: The minimum energy of the reacting molecules needed to
form the activated complex and cause the reaction.

SSLEY gl SLEBY gl

E|
2 E
b C+D
1,
A+B C+D
Jeladll yun Jeladl juw
'SJ\)A.uua\.Adcw 3)\);.“.3)&&@
Endothermic reaction Exothermic

deliill de ju paat 8l )55 Japliil) A8l 7-4 JSall
Figure 7-4: Activation energy and its role in determining reaction rate
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Factors Affecting the Rate of Chemical Reactions

Dl (o< Uag) L g aaall TaiaS ¢ ol Lgia g ol HladiVIS

Reactions vary in terms of their speeds, some are fast such as the reaction of
sodium with water, some are faster such as explosions, some are slow such as
iron rust, and some are slower such as the formation of petroleum.

5 yaual Axie )5y A i o J peanldl gaie ju 3ol ) (S Jed o ay Jeldi Lual IS 13 o
Mcyés'&‘)ajd\&\ﬂ\h\)dkﬂ&bﬂ\@y@éﬂ\u&u‘a:u}Qt_t\)aj\

If we have a slow reaction, can we speed it up and get results in a short period of
time?

The answer is: Yes, the speed of a reaction can be controlled provided that the
factors affecting its speed are considered.

Bmal d3ia ) 3y & il e Jpasll 8 aclid deldll de pu Je 3 il Jal gall Al ja )
@iy dalse 5 ol Sy Jalse () deléil) de ju e 355l al sall Caial s LS alS Jily

Studying the factors affecting the speed of the reaction helps to obtain the results
in a short period of time and at the lowest cost, and the factors affecting the speed
of the reaction are classified into factors with a positive effect and factors with a
negative effect.

anl Led AilaasS 5 il cile Liall Sliad cad ase yall Y1l Jal gadl o aa¥) Y1l dal sl
Oe Qi) e i) o3 Ao s (e 3 A Jalsall e andl g alaia W) camy 1A (il 85 S
Ly saly 315 Cadlsal

For example, the petrochemical industry is of great importance in our lives, so
we should pay attention to and look for factors that increase the speed of these
reactions to reduce costs and increase production.

Leold S 55 13) danda) Dlied e g pall e 3Vl Jalgall bl Y1 3 ol sl Lai
Sl s e i) de s o JIE 31 Jol g2l (e Canll camy 130 ety yladll o Uy 50S001 pad Cuanny
Sl 48 el i s GaansSY) e s ginall o) sl 8@l 513 aaal) XS dlanda) ald a5l
YY) 5 ) sl Tl gy Y bl 390 3 sl e (Colrall pe aanSY) Je i) JSTN iy
Jal g2l e Eanall Camy Nl dpelicall Gaall (e ST 3 5S 8 Hlid (i Lea Galad) (e 4 gl

JSU a5 ol gl Al

For example, if food is left in the air, it spoils due to the growth of bacteria and

fungi, so it is necessary to look for factors that reduce the speed of reactions and
8
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thus resist the spoilage of foods, as well as iron if left in the air containing oxygen
and water vapor, it will oxidize. Corrosion (the reaction of oxygen with metals)
is one of the factors with a negative effect because it causes damage to bridges
and machinery made of metals, causing a great loss of many Industrial cities for
this should look for factors that resist or stop erosion.

el edle i) Ay o 5 5i5all Jal gl
r AUl i) e 48 daSaiall 5 AilasSll e il de o o 5 il Jal sl st pasdli Sy
Alelital o gall dagks -]
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3olallds 03
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Factors Affecting the Rate of Chemical Reactions

* The most important factors affecting and controlling the speed of chemical
reactions can be summarized as follows:

1. The nature of the reactants.
2- Concentration of reactants.
3- Temperature.
4- The presence of the motivating factor.
e liial) 3 gal) dagds +Y
Leaal (e Jal sl (e 230 Cany @lld g Jelaill de Lozl 5 1,80 Ao i) o) gall dapl i
First: The Nature of the Reactants

The nature of the reactants has a clear effect on the speed of the reaction due to
several factors, the most important of which are:

(33lall dilasSl) Angdall) g 3alal) dagala (1

ALl 8oLl L et Cam Lali AlasS Cliea LSy 3 aldll e LS 5 53l JSU

Sl Jalal 138 5 Blas€ a5 05530 Ll o Sn JaLAI 13 5 LSl Lol e Jelisl
deldill de ju 2y (63
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a) The nature of the substance itself (the chemical nature of the substance)
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Each substance has its own chemical composition that gives it special chemical
properties, as the susceptibility of the chemical to react depends on its chemical
activity, and this activity is controlled by its ability to form chemical bonds, and
this is the big factor that determines the speed of the reaction.

* Jons react faster than atoms and atoms react faster than molecules.

* Molecules and ions with fewer bonds react faster than molecules and multi-
bonded ions.

Example 7-3 7-3 Jha

el T ) 8 sl il gl Al g (MO ) liaia ) U sl J) i

Reduction of permanganate ions ( MnO4) by ferrous ions in the acidic medium.
5Fe™ + MnO7; + 8H' — 5Fe¢* + Mn?" + 4H, 0

saes Aaul g Gl Y1 et JIA) Glinte il o s) e (e Gl Baady g Ao Jelaill
(aalall L gl 3 LY

The reaction takes place quickly and is observed by the disappearance of the color
of the permanganates, the reduction of the same ions by oxalic acid in the acidic
medium.

5H,C,04 + 2MnO4 + 6H' — 8H, O + 10CO; + 2Mn*
Reaction is slow eday Jelail) a3y
oilhalaall 8 amas o sl () a2 ) Bl (el Jeliil) Aoy (DA L /i

Deduce/What is the reason for the difference in the reaction rate of the same
substance, even though the medium is acidic in the two equations?

s28 gl 5 il jad Ay Je i hasy (S ¢ ST 5l iale (o AlaasSll cdlelail) (e o) G
& skl Lgdde S5 () Sy ) shal 406 @ln () s Y 5 ¢l Ldany ae asbiadll (e ) sall

(Rl - Al - ddall
b) Reaction medium

Most chemical reactions take place between two or more substances, and for a
reaction to occur, the molecules and ions of these substances must collide with
each other, and we do not forget that there are three phases that matter can have
(solid, liquid, and gaseous).

oslaiall Jeliilly Jelél 13a oo aa)5 sl 383 5a g0 Jeliill & A0 o) gall ) S5 Laic o
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* When the materials involved in the reaction are present in a single phase, this
reaction is called a Homogeneous Reaction

* [f these substances are present in more than one phase, the reaction is called a
Heterogeneous Reaction

* Reactions in the gaseous phase are often faster than liquid and liquid faster than
solid.

SOLID LIQUID GAS
c 5 966906, (O L
| 06,0898 | - 89
; 06 .00 . © Q.
| © B80S O
O (> \609©o&6 i 8% &

S5 JSE Ao o) gall sda cuilS 13) Laa Uasl 5 gy Jelaii 3 50 IS 0S5 e 53 5a sall doliall

c¢) Surface area of the material in case of being solid plays an important role in
determining the speed of the reaction, as solids in the form of large masses react
more slowly than if they were in the form of powder or crushed material.

13) apaadl Capial (e g sl 3y seay GraSY) an Leleliny faal aaall 53l 5y relly e dEY) e o
3o 3 dadan dalie (8 (Bsaasa) 83 ) 4l gad die gl o @l 8 Canall 5 LegiliS sl
Jeldll de pu 3L ) ) 2 Lae o SbasSl) Jelall Sgan 8 & il Al e jall ala gy Jullg

RO EPENY

* An example of this is that iron filings rust faster than oxygen reaction than iron
rods if their two masses are equal, and the reason for this is that when iron is
converted into filings (crushed material or powder), its surface area increases, and
thus the part that participates in the chemical reaction increases, which leads to
an increase in the speed of the chemical reaction.

Yy
--fig,ja%
. e
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Second: Concentration of Reactants

* The speed of the reaction depends mainly on the concentrations of the reactants
as the relationship between them is direct.

* At the beginning of the reaction, the speed of the reaction is high, because the
concentration of the reactants is high, and over time, the concentration of the
reactants decreases, and the speed of the reaction decreases.

delatl) de e il )« Glaabaill dae cial j «— Gl jall dae 3 j «— 530S 5l o) ) LIS

The higher the concentration— the more molecules— the higher the number of
collisions— the faster the reaction.

3)\)51\ ;\eJd ;mu

A8 pall d8Uall wd 35 al) gl ) OF delaill de yu 3alyy Y Boall da a saly o Glle
sl 488 Aal elliag i) Al lasboaill das 3y 30 43 a5 cciladbiaill Jazs 21 3 (ilapall
Jelatl) Aoyl i «(E,) Lauill dalds

Third: Temperature

Increasing temperature often increases the reaction rate because a higher
temperature raises the particles’ kinetic energy, which increases the collision
frequency and, more importantly, increases the fraction of effective collisions that
have enough energy to overcome the activation energy (E,) thereby speeding up
the reaction.

T,>T, T, !
Jelal) ay pust s Janidl) Al (mdd e 550 pall s jo il 2725 g

Bl Figure 7-5: Effect of temperature on reducing activation
T, = : energy and accelerating the reaction

Oletwn| 3de
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.10 °C J\Mo)\)ﬂ\ia)dgﬂtm‘)\ds@wdcm :\.cjuu.cw
¢ 25 OCBJ\P:\;JJ{Z}J&AAI.S °C 3)\}3;)3&9&@\:\&)»63461.4(3)
¢ 25 OCSJ\_);K;_)A.JQ_H_)GA95 °C EJ\J;:\AJJALJQM\:\L)»LSMLA(b)

The rate of a certain reaction doubles for every 10 °C rise in temperature.
(a) How much faster does the reaction proceed at 45 °C than at 25 °C?
(b)) How much faster does the reaction proceed at 95 °C than at 25 °C?

Jad)
Rate 1 = nitial rate x 2 for 10 °C
(a) At=45-25=20, n=20/10=2 Rate2 = initial rate x 2> = 4 initial rate for 20°C
(b) n=70/10=7 Rate3 = initial rate x 2’ = 128 initial rate for 70 °C
( a) 4-times faster and (b) 128-times faster ; ‘
330 128 2 il (D) 58l 4 og yul(a)
Gidadial) g &) Jhaall syl
laasS i o) (g5 4o e 83k ) 5 (el Je i) dasdii duals Ll 32l e ke Daaill Jalal)
Jelil Ay (e 5 Lae Jel@ll & gand o 3000 Loyl il ik e iaill Jany

Lpsiil) Al ad ) A e Sl Jeléil) de ju (e ohay Cun ¢ Llai aue 5e8 adiall Jalal) Ll
el & saad 4 )

Fourth: Catalysts and Inhibitors

A catalyst is a substance that has the property of activating a chemical reaction
and increasing its speed without changing chemically, the catalyst works to
reduce the activation energy needed for the reaction to occur, which increases the
speed of the reaction.

The inhibitory agent is the exact opposite, slowing down the speed of the
chemical reaction by raising the activation energy needed for the reaction to
occur.

Je il g pusi s Tnpiil 28 mid e Gisall Lili 7.6 JS3N A
Figure 7-6: Catalyst effect on reducing activation J‘w};ﬁ;u\h
energy and accelerating the reaction
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To accurately determine the relationship between concentration and chemical
reaction velocity, it is necessary to find the mathematical relationship that
connects them, which is called the Reaction Rate law.

aA—Products &
RoA R=A[A]"
n: Reaction order ~ Jeléll 43
k: Rate constant Jel@ll 4y <l
QSJMASJ‘G:\LAAJJQ: n Jelal) a4
Reaction order n = integer or fractional number
(0 52 Ox Ak @llia ) b)) Aabedl b Jalaall 38 Lol Gl Jeliill i3

The reaction order has nothing to do with the coefficient in the chemical equation
(n and a have no relationship between)

R=4[A]° n=0 R=k Zero orderreaction 4 jwall s ll el
R=4[A]' n=1 R=k[A] Firstorder reaction ¥ 4l e Jolss
R=4[A]? n=2 R=k[A]* Second order reaction 4ullas | e Jeld
If there is more than one reactant: sAloliia Bale (e iS) llia ol 1)
aA+bB+...... —Products & 5
R=k[A]"[B]"
Overall reaction Order 448l Jeldill 45 ) = n+m

Bad e Ly OS5 Sl e a6 e i S0 Baama y GG gaae Aad k Jelil Aoy culd)
e Ailide Gl sy A o LS et il (0 5S Ae jua DA o i 4l 5l el 5 63 ) jal)
The constant of the speed of the reaction & has a fixed and specific numerical
value for each reaction, it does not change with the concentration but changes

with the change in temperature, and its large value means that A reacts quickly to
form the products, and it also has different units of measurement such as:

s, L/mols , L? mol. s

14
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The law of reaction velocity must be determined experimentally.

5SS G Bkl (ea G Aleadl Al Cad Je i) Aoy Aleliiall 2 sall 38 5 o A
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The relationship between the concentration of reactants and the speed of the
reaction is not an easy one, as an increase in the concentration of a reactant leads
to an increase in the speed of the reaction and may lead to a decrease in it, as in

reverse reactions, and there may be no change in the speed and sometimes it may
lead to poisoning of the reaction, especially in heterogeneous reactions.

aA+bB—cC+dD
R=i{A]"[B]"
Lo s pe 38 5 JS (5Ss Camy Jelil) 84S jifial) o) sall e 3ale JSI 35S i) e Jolail) de s adiad
Al Lt (Sar 858 )
The speed of the reaction depends on the concentration of each of the materials

involved in the reaction so that each concentration is raised to a power that can
be set by experiment.

L Cayat g 4 yiea ol By S ol Al ol A g Lad 340 (o (Sae 33 jae dl2e (e 3 ke nm
n,m are abstract numbers that can take positive, negative, fractional, or zero
values and are known as partial orders.

Example 7-5 7-5 Jlia

N205@) — 2 NO2 g) + %2 Oz (g)
R=k . [N,Os J"
R=k. [NzOs ]
First order reaction (o s¥!asi ) (e Jelis

Example 7-6 7-6 Jla
C:Hg @) — 2 CHsg)
R=k . [C:H¢]"
R=k . [C2Hq]?
Second order reaction 4Gl A5l e Jelds

Al 48 e gy ) sall Aliassll Alaall Jhill 3 ey Jeldil) Ao ju (58 il (S Y
Al

15
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The law of reaction speed cannot be predicted by simply looking at the balanced
chemical equation but must be known by experiment.

Aleliial o sall 38 5y Jelill Ay cile ) 45 )ie JA (e 2aa3 Sl A ) yaas
Determine the reaction Order

It is determined by comparing the initial velocities of the reaction to the change
in the concentration of the reactants

Example 7-7 7-7 Jba

il Jelall Jganll 8 40l clibd) e J geanl) a3
The following data were obtained for the reaction:
A+2B—>3C +D

Run4: 21l [A] [B] rate e udl M5!
1 0.16 0.36 2.67
2 0.16 0.09 0.67
3 0.32 0.24 7.11
4 0.08 0.09 0.168
5 0.24 0.12 2.0
6 0.02 1.35 ?

deldillde ol (98 juei i€l (a)
(s 5l ae) Aoyl ik A caaal (D)
[B]=135M 5[A]=0.02 M 055 Laie Jeldill de ju cal (¢)
[C] OsSam aS Al 4y jpacll 8 aoaall o plall 8 S ) Qeay delaill o (25381 (d)
¢ Sl
('a) Write the rate law expression for this reaction.
(b) Calculate the value of k, the rate constant (with units).
(c) Calculate the rate of the reaction when [A]=0.02 M and [B] = 1.35 M.
(d) Assume that the reaction goes to completion. Under the conditions specified
in the second run, what would the final [C] be?

Jal

(a) R =k[A][BJ*
Compare exp. l and2  [0.36/0.09]*= 2.67 /0.67 x=1 for B
Andexp.3and2  (0.32/0.16) (0.24/0.36) =7.11/2.67 (2)’=4 y=2for A

R =k [A][B]
(b) k=R /[AP[B]=2.67/0.36 x 0.162 =290 M2 sec"!
(¢) R=k[AJ[B]=290 x (0.02)? (1.35) = 0.16 M/sec

(d) 0.16/1=0.16,0.09 /2= 0.045 , then B is a Limiting reactant 23l Jel&iall
A + 2B —- 3C + D

ibgll aludlllg aglell sliualgl
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0.045 0.09 3x0.09/2  0.09/2
Excess 0.16- 0.045 =0.115 0 0.135 0.045
[C]=0.135M
Example 7-8 7-8 Jha

:Jelall Ayl Gle yull J gaad) el
Consider the table of initial rates for the reaction:
2Cl10,+20H — ClO5 + ClO, + H,O0.

Experiment | [ClO;],, mol/L [OH"] . mol/L Imitial Rate, mol/(L - s)

1 0.050 0.100 5.75x 102
2 0.100 0.100 2.30x 10"
3 0.100 0. 050 1.15x 10

What is the order this reaction with respect to C1O,?

.......................................................................

......................................................................

Example 7-9 7-9 Jua

058 30l 5f 5 (Hb) G sl sosel) ¢ Jeliall 40 1 e sudl Jpan

Consider the table of initial rate for the reaction between hemoglobin (Hb) and
carbon monoxide.

Experiment [HB],. umol/L [COJ,. umol/L | Imitial Rate, umol/(L - s)

1 221 1.00 0.619
2 4.42 1.00 1.24
3 3.36 2.40 2.26

a . What is the order this reaction with respect to HB? YHB- 4wl Jelal) 435 ) L

...............................................................
................................................................
................................................................

17
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Leadind A8l 4 5al) A Adeal) colaill A e Jelalll de ju ) 6l paas (Kay adl L e
& ol (Al de yull) Jeldl de o A8 Hh 3 el IR e 4505 deull 485k
S e L A e Je il e s 20aa LINA (e Sy (530 Byl allin (815 38 )
Of akin INA (e g cJualall il Coal daly ) Co¥olae Litiad 43y jhall 038 callaii g ¢(ya 3l an
Lty dalal) dpaly ) Jealdill & Jas o) (Jeliill de ju ol Il Jelall 4, s
NCEPREN]

Kinetic chemistry of simple reactions:

We knew that the reaction velocity law could be determined by practical
experiment, and in the previous part we used the initial velocity method by
looking at how the reaction velocity (initial velocity) is affected by the change in
concentration. But there is another way in which the speed of the reaction can be
determined by looking at the change in concentration over time, and this method
requires deducing mathematical equations that describe the change that occurs,
and through which we can determine the rank of the reaction and therefore the
law of reaction velocity, (we will not go into the mathematical details of deducing
the equations).

24 Jall 4 ) edle s
Y g o A COle il a5 ¢l Jalall 2 sa g AUl dhan il 5 o gaall 350l COle Ll 4
Alelanall o gall 381 55 ey il

Zero-Order reactions:

These are rare reactions but often occur in the presence of the catalyst, and the
speed of these reactions is not affected by the change in the concentrations of the
reactants.

[Al=-kt+[Ao
sduall) jae 3 8
el dg ) e adiaig e 1172 el 2l deliiall salal) 38 5 Chas S 4 53 e 30 (A
Half-life:

It is the time required for half of the concentration of the reactant to disintegrate
and takes the symbol t1/2 , and it depends on the order of the reaction.

[Alo — [Alo/2
Ay jieall 40 e e lelill Cuail) e by
Half-life of zero-order reactions:
tin=[Alo/ 2k

18
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First-order reactions:

They are considered a common reaction, and they often occur when the solvent
used is one of the reactants.

In [A] = - kt +In [A]o

Sl e st Y YA e Ole il Cuaill e 3 5
tip=1n2/ k=0.693/k

AN A5 )l edle s

U gaad 5 ALl Jallaall 5 & el el Mol 8 S5 a1 gl JSY) (e Ble il o2a il

At ye 3805 ol O lelal) (pe Ay slaie 30 53 il Jaiad 3 g (4 gucanl b e e
Second-order reactions:

These reactions are one of the most common, as they are abundant in gaseous-
liquid state reactions, especially in organic reactions, and may tolerate two
conditions: equal concentrations of reactants or unequal concentrations.

A + B = Products

Case One: Equal Concentrations 4 gluta 380 53 Y1 AR
[A]=[B]
I/[A] =kt + 1/[A]o

Case Two: Unequal Concentrations Agladia ye Sy Al A
[A] # [B]
[ Blo[A]
In——— = k([A], — [B])t
Agom] Ao~ 1Bl
Half-life of second-order reactions: AUl Al e Bl el Caialll jac 5 i

tip=1/k [A]o

19
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General Status:
To find the reaction order in the general case, when the reaction order is n

considering that the reactants are equal in concentration, the following equation
can be used:

n #1

= kt +

(n = 1[4] *= (n—1) (A1

Example: third order reaction 436l 43,1l &3lelds ; Jba

n=3

1
= kt +
2[A] 2 2 [A]
Al 36 Al eole s
s aale 5S35 OY (o A (e de s 58 i L] ddlelite Bale (e ST Al e o
5SS Y Jeldll de o gand (Jelal) oL U e Bl s € 55 Jaad s 30aS (58 i
) gall el
Pseudo—first-order reactions:

These are reactions involving more than one reactant but following a first-order
rate law because the concentration of one or more reactants is present in large
excess, remaining nearly constant during the reaction. As a result, the rate appears

to be unaffected by those concentrations.
Example 7-10 7-10 Jua

+

CH;COOH; + H,0 %+ CH;COOH + CH;OH
:Jad)
Second-order reactions 4xUll 45 ) (e Jela
R= k[CH;COOH; |[H,0]

allaa) Sy 4l A ol 3 Wl el 38 55 8 jusil) laie o o JiuYL 40 jlaa s e olall S i
- S IS Alslaall U s0le ) Sy UL el o e

The concentration of water is very high compared to the ester, i.e. the amount of
change in the concentration of water is so small that it can be neglected and

considered constant, so the equation can be rewritten as follows:
R= k’[CH;COOH; |

=k [H,0]

20
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Choose the correct answerdiaall LY jial

Jelad) (1
1) In this reaction:
2C2H6+702—>4C02+6H20

a. the rate of consumption of ethane is seven times faster than the rate of
consumption of oxygen.

slall (p S Aol 4 s CO, (psSide yu 0585 b

b. the rate of formation of CO; equals the rate of formation of water.

. COy (rsSide yu Al (g gluide jun el S5 c
c. water is formed at a rate equal to two-thirds the rate of formation of COs,.

Ll Il el & glse €Y1 gl e 055 d

d. the rate of consumption of oxygen equals the rate of consumption of water.

O Dl de yu (e O e &)ui CO, K&y e
e. CO, i1s formed twice as fast as ethane is consumed.

O3 058 O a1 AS 5 50 2 ApXu) = 2 AnXie) + X «Jdelidll o i (2

(JSEN (e de )
2)  The reaction, 2 AyXa) — 2 AxXs) + Xog), was found to be first order.
The rate law, therefore, should be:

:\-9)*-“5\ rate = k([A2X3]2[X2])/[A2X4]2
de il rate = A[ALX4)?

:\-9)*-“5\ rate = k([A2X3][X2])/[A2X4]
de yull rate = A[AxX4]

:\-9)*-“5\ rate = k[A2X4]2/([A2X3]2[X2])

© a0 o

21
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Allaall Uy Aadf a8 )l g a3 i o5l gon s Sl 3081 Ul deliy (3
2NO(,) + Bryg) — 2NOBr1(y ;
dc yulad 4,50 x 10 mol L' 57! 4astll Al NOBrg) (s ey () 22 5 (e Jelill lnls

3)  Nitrogen monoxide reacts with bromine at elevated temperatures according

to the equation

ZNO(g) + BI‘z(g) —> 2NOBI‘(g)
In a certain reaction mixture, the rate of formation of NOBr(4) was found to be

4.50 x 10 mol L' s!. What is the rate of consumption of Bra?
4.50 x 10* mol L' s!
2.25%10*mol L' s
9.00 x 1* mol L' ¢!

2.12x10%*mol L' 57!
2.03 x 10 mol L' s

°po o

L) JLiall o8l sl gann (o primam IS8 Jiad sl (ol cJelil il (38 5al) JSEU il (4

4) With respect to the attached reaction profile figure, which choice correctly
identifies all the labelled positions?

T
a
a b c d
s S e PR SCCEEIR i
Intermediate transition state activation energy Product
Je i aglan) s s S 5 -t
Reactant transition state Intermediate Product
Catalyst transition state activation energy Reactant
i s S 5 aglan) Al Jeliis
Product Intermediate transition state Reactant
Jeld s S e s S e Al Alla
Reactant Intermediate Intermediate transition state

ibgll aludlllg aglell sliualgl
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A A alaSl) Alaleall 8 g by 5 61S 5 yaed) e e (N2S,03) s saall iy 5 i Je i (5
Na28203(aq) + ZHCI(aq) — 2NaCl(aq) + S(S) + SOz(g) + H20(1)

IPRP VIS i L i PIPCNTg N i iS5 uel) (man 5 o s gaall G S 58 Jallae Ll o3

.0°C 2\;‘)3 Qe QJ)S(:SZS °C aie Y 4l Ljaﬂ\ c\)a\ (-;.1 uA‘)M QJYL (100 kPa bz .J.K;) c_iu\

S0 il (il S e 5 A8 all bl JKEY) (g g

5) Sodium thiosulfate (Na,S,0s3) reacts with hydrochloric acid according to the
following chemical equation:

Na28203(aq) + ZHCI(aq) — 2NaCl(aq) + S(s) + SOz(g) + HQO(l)

Solutions of sodium thiosulfate and hydrochloric acid were mixed, and the
volume of sulfur dioxide gas produced (at a pressure of 100 kPa) was recorded as
a function of time. The experiment was first performed at 25 °C and then repeated
at temperature of 0 °C.

Which of the attached graphs show the results of these two experiments?

0.30

=
)
T 020
E
a o
i 25°C
5 0.10
2 o
El / 0°C
> 0.0
0 s time (min) 10 15
0.30
=
)
T 020
=2
2
b S 25°C
5 0.10 3
3 .
= 0°C
2z
> 0.00
0 5 : 10 15
time (min)
0.30
=
o
T 020
=
i
=] 5°
C. 5 0.10 2
= 0°C
3 f
2 /
0.00
0 5 . . 10 15
time (min)
0.30
=)
)
S 020
=
°
o q o
d 5 0.10 25°C
= 0°C
S
2
> 0.00
0 2 time (min) 10 =
0.30
=
o
T 020
=
2
e © 25°C
5 0.10 L
£ 0°C
=z
= 0.00
0 5 10 15

time (min)
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7-2

The initial rate of reaction Jelall 4 Y1 Jelal de
A+5B+6C—->3L+3M

Al gkl 8 A eliA) Ao (il DA (e laana
has been determined by measuring the rate of disappearance of A under the following
conditions:

Exement o, | FAT0 M) | (Bl () [Clo vy 081 e e
1. 0.02 0.02 0.02 2.08%x1073
2 0.01 0.02 0.02 1.04x1073
3. 0.02 0.04 0.02 4.16x1073
4 0.02 0.02 0.04 8.32x1073

Jelaall 0 23 5 Je i IS Al Jelil 4, 208 (1)

 [AJo=[BJo=[CJo=0.01M ZH5¥) 38 5% Lavie Jelillde juandl (o)

Ayl S O L A J Ly L 058 de e 5 B el e e caal (g )
[AJo=[B]o=[C]o=0.01M

('a) Determine the order of reaction with respect to each reaction and overall order of
reaction.

(b ) Find the rate of the reaction when [A]o=[B]o=[C]o=0.01 M.

( ¢ ) Calculate the rate of disappearance of B and appearance of L with respect to
A when [A]o=[B]o=[C]o=0.01 M.

................................................................................................
................................................................................................
................................................................................................
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Choose the correct answerdiaall LY jial

?dcuﬂ\wi\.c)u‘;s jjﬁuiu@&d\jﬁ‘)}s&ﬂ\w\ &\)ﬂ\wwﬂéwcﬁi-l
1. Which of the following is not one of the five factors mentioned that can affect
the rate at which a reaction proceeds?

a.  temperature )l 4a

b. the ability of reactants to come in contact with each other
ua;u&\ Lgaany & u,u)\.\j\ LA& OOle Latal) 5 28

c.  catalysts 8 sl

d.  concentration S 3

e. none of the above G lee 22l 5V s

2- the reaction below: bl Jeladll 822
Cug + 4H+(aq) + 2NO37 () = Cu2+(aq) + 2NOyg) + 2H,O(

At a particular instant in time, nitrogen dioxide is being produced at the rate of

2.6 x 10* M/min. At this same instant, what is the rate at which hydrogen ions

are being consumed?

G gl Bl de e 2.6 X 10 M/min de s (a5 yinill Sl 6 2 U)oy diume ddaal 3
eadaalll sl U‘SJ@UPJJ:‘:"@J‘

1.3 x 10* M/min
5.2 x 10* M/min
2.6 x 10** M/min
1.0 x 10 M/min
6.5 x 10 M/min

°ope o

fJslaall & sl Jeliill de (il (S b Leasan s 5L -3
3. By which unit of the following, the speed of a chemical reaction in solution
can be measured?

a. L?> mol! s
b. mol L' 57!
C. s

d. mol s L-!
e. s L' mol!

25
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4. A reaction has the rate law, rate = k[A][B]>. Which change will cause the
greatest increase in the reaction rate?

a. decreasing the temperature without changing the concentrations
DS s G508l sall da ja pada

b.  doubling the concentration of B ol JI B S i3k )

C. quadrupling the concentration of A & e @)l A S 55 ddelias

d.  tripling the concentration of B Gl e GBS y ddelias

€. doubling the concentration of A Conall A S 3Bl )

(Jelidll of Ulee i -5
2 NO(g) + Oz(g) -2 NOz(g) ‘
ey 358 ¢J8 M 5 IS Je il A0 s 50 5 clelial) e S0 331250 e
5. The reaction,
2 NO(g) + Oag) = 2 NOyg),
was found to be first order in each of the two reactants and second order overall.
The rate law 1s therefore
rate = k[NOJ?
rate = k[NO][O;]
rate = k[NO,]’[NO]?[0,] ™"
rate = k[NOJ*[O]?
rate = k([NO][0O2])?

o0 o

26
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Answer key

Example

a . Order with respect to C1O,: Cl0; - 4wsilly Jeldil) 43

ClO,: 2

b. Order with respect to OH!: OH!J 4willy Jelal) 45

OH': 1

c. Rate law for this reaction: Jel&ll lagdde yull () 4ild

rate = k[C10,]*[OH!]!

d. Value and units for the rate constant: 4c judl Culi Cilas 9 5 dad
k=230 L2 mol?.s

a . Order with respect to HB: HB- 4xilly Jelall 4

1

b. Order with respect to CO: CO- il Jelall 45

1

c. Rate law for this reaction: Jel&ill 13l de yull o) 418
Rate=k[HB][CO]

d. Value and units for the rate constant:ae yull Cul Cilax g g 4aid
k=0.28 Lmol-!'s™!

g-ouy
NSMO
LY glida
ALy

7-8
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7-1

1 2 3 4 5

e d b b b
3)-1-7

-1/1 (tBry)= 1/2(xNOBr) , -(rBr)=[%(4.50 x 10%)]

7-2

(a) Inexperiments 1 and 2,

r=k[Ao]* [Bo]’[Co]

(10)1/(10)2=2.08x1073/1.04x103=[Ao]* /[Ag]*2=0.02%/0.01? (2)!=(2)*=a=1
and (10)3/(10)1= 2.08x1073/1.04x1073=[B]%; /[Bo]*=0.04° /0.02°  (2)
=(2)’=b=1

and (10)4/(10)1=8.32x1073/2.08x1073=[C]°4/[C0]¢1=0.04%/0.02 4
=(2)*=(2)*=>c=2

The overall order of the reaction =1+1+2=4

R=Kk[A] [B] [C]’

(b) k=r1/[Ac]}[Bo]°[Co]° =T /[Ao][Bo][Co]* from exp.1 we can get
k=2.08x10"Mmin! /16x10*M>=1.3x10* M > min™!
R =1.3x10* Mmin"1[0.01 M] [0.01 M] [0.01M]*=1.3x10*M min™!

(¢) —d[A)/dt=r = [~1/5 d[BY/dt] = 1/3 [d[L)/dt]=1.3%10"* M min"!
—d[B]/dt=5x1.3x10"*Mmin '=6.5x10"*Mmin !
—d[L]/dt=3x1.3x10"*Mmin '=3.9x10"*Mmin !

7-3

)
w
o
)

(2)3-7

V2 (tno2)= (1/a T )=
(r ) =42 (2.6 % 10) = 5.2 x 10 M/min

28
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The Concept of Equilibrium QLAY 2 sgda

s el sl (6830 Alelinal ) sall Jelisi Laxind JLSY) LY Jos Y Al ciSle i) aline

Jelil) & (JUall Jass Ao Al ¢l 3590 Al o2a o (b bl m@u@uu\ Sl 30 g

A Al & gl sad ala 3 sl S NO2 ) Ol aae NoOy SlSahy 2 (N2O4g) = 2N02(g)

oSl el Jneal Uy glose b1 Je i) Jane oy Latie il (e i 55

Sirase s LS el e daia o ol 5l e gl e liiall (e 12 o Y Alla ) J g sl (S

8.1 Jsa

oaddy (Je il a0 ae 5 | Jhia (5 b NO2 368 55 i e 0 38 53 0550 ¢ A& N2O4g = el i ]

NO2 558 58202 39 NoOg 38 1S

iy ¢Jeladll aﬁz & ) ha Lﬁ)hﬁz’ N2O4 35S 5 5o ya0 38 5 )5S ‘(;j'm NOz - sl 2ie 2

) N204 35S 53339 NO2 1S

Joay canic o)) 5V Alla die €0 3 s s Sl 5 aled) e i) ety epillal) IS 3

0y Lan il 1 e ganl) 8 el oy G ¢ Spalind ¢ 530 Als ) el

Most chemical reactions do not go to completion. As reactants form products,

their concentrations change until both remain constant. This state is called

chemical equilibrium. For example, in N2Oasg = 2NOzq), colorless N20a

decomposes into brown NO.. The color deepens at first but then stops changing

when the forward and reverse reactions occur at the same rate. Equilibrium can

be reached starting from reactants, products, or a mixture as shown in Figure 8.1.

1. Starting with pure N20sa, its concentration is high and NO: is zero. As the

reaction proceeds, N2O4 decreases and NO: increases.
2. Starting with pure NO., its concentration is high and N2Os is zero. As the
reaction proceeds, NO: decreases and N2Os increases.

In both cases, forward and reverse reactions occur until concentration becomes

constant at equilibrium. The system is then at dynamic equilibrium, where both
reactions continue but their effects cancel out.

. p.
I ) o e é R A
‘ \® ' N3e o P9 )@ ([La ) . )
\& H \2 o/ \@ s/ \g o7 \ee¥ Q": ¥ \& o~/ \X t/ B \\i//

Joladl puis e VAR a0 81 S
Figure 8.1: Change of rates as reaction proceeds

The Equilibrium State and the Equilibrium Constant &/ <l o) 3 s
(OsS s(eq) ol sy Adla ) ?U‘.‘m Jiay Ladic (diiza 3 ) jn da ya 2ic
At a given temperature, when the system reaches equilibrium(eq), then:

29
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(‘;&Jhdr_uﬂ\ :\.CJu d.la..o = (@Ld‘)dr_uﬂ\ r\LJu d.la.a
ratepyq = raterey
ke [N204]eq =k [NOZ]Zeq
s vie Gl sbuta Galasall Gf Ly s ¢ il e ) 5 ala¥) Jelaill Jie jo 5 K, 5 Ky Jia

1G4 (eq) U1 Y
k¢ and Kk, are the rate constants for the forward and reverse reactions respectively,

since the rates are equal at equilibrium; then,
kf _ [NOZ]EZ:q

kr [NZ O4]eq )
(K) O @l s apaa s G (a0 daasi Ca e
This ratio of constants defines a new constant, called the equilibrium constant
K)
_ kf _ [NOZ]eZ:q

kr [NZ O4]eq
K as a Measure of Reaction Extent JoWil) aafi gaal (ulidas K
B (ST K Aed 8 ) 3V Al ) J s 511 I8 50 53 (e 13a Alfiia S iy Je il (IS 13

il ((Glad Gaay Wy Jelall o) JW& a3 pia K Al (S5 Ladie
If a reaction produces very little product before reaching equilibrium, K is small.
When K is extremely small, the reaction is said to show “no reaction”. Example:

Nz(g) + Ozg) = 2NOyy) K=1x1073%at 1000 K
K 0S5 Latic 5 5508 K 0355 eleliiall (g fan Aliim 43S ol gn 51 ) oLl Jua s 13
‘e MOLEEY) W Jemay Jelail) o) J& cas s S
If equilibrium is reached with very little reactants remaining K is large. When K
1s extremely large, the reaction is said to “go to completion”. Example:
2CO(g) + Oz(g) = 2CO02 K=2.2x10??at 1000 K
K oY)l d ) 51 Al e g il 5 Aleliial) 2 sall e IS (ge 4 sale LS 2 55 Ladic
When noticeable amounts of both reactants and products are present at
equilibrium, the equilibrium constant K has an intermediate value. Example:
2BrCly) = Brzg) + Clay K=5at 1000 K

Generally, cale JSdy

K. > 1 x 10? — reaction favors products &5l oSl Jeldtll Jaay
K. <1 % 102 — reaction favors reactants Alelatall ) gall o oS3 Jelall Joa
1 x 102 <K, <1 x 10> — both reactants and products are present in significant

amount. sl s Ao liall ol gall (e JS (10 4l sale DS 22 53
The Reaction Quotient and the Equilibrium Constant ¢/ <y Jeldil) Juala
Wlaall 6 Lelebaa I E 58 50 Lgia OS) Jelds ISV edleldiall 38 5 ) ol sill 580 55 s )
1 Juns e Q el Juala o (4 al)
For any reaction, the ratio of product to reactant concentrations (each raised to its

stoichiometric power) is called the reaction quotient, Q. For example:
N204(g) = 2NOx(y)
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Q= [NO,]?

[N2O4]

D ) g3 Laa ¢ i) 8 il il 5 Ale il ol gal) 30 55 et ) 3V Alls sad Jeliill a2 ae
o el Dsa s ABEY) Q dag 20 A Al 38 3 pUail) elliag dglad) 4 SIS ( e
Uil J gam g ie K ) ) il (g gl s Al ol i ol ya Bae Q Ayt ¢ 3SI il o3a yias

O Y Al )
As the reaction moves toward equilibrium, the concentrations of reactants and
products keep changing, causing the value of Q to change as well. Initially, the
system has certain starting concentrations that determine an initial Q value. Over
time, as these concentrations adjust, Q also changes repeatedly until it becomes
constant, where it becomes equal to the equilibrium constant K when the system
attains equilibrium.

Steps to Write a Reaction Quotient el Juala AUS &) ghad

i oY ga 3803 UK e Al o) sall g Alelaid) ol sl e yiad Jeldlll Jualal s ) goa Jaw]
Gl OsSay «Qe IS o iy Gl il e Jeliil) duala ading Ladie ] (ma e (s O
bl Shesll Jelall Ko oad e Jiaal) of 55
The most ordinary form of the reaction quotient expresses reactant and product
terms as molar concentrations, shown in square brackets [ ]. When the reaction
quotient is based on concentrations, it is written as Q., and the corresponding
equilibrium constant is K.. For a general chemical equation:
aA+bB=cC+dD
i S A d sc 5b sadis)sell daleadl COlelas alasindy deldll duala ge ) (S
The reaction quotient can be expressed in terms of the stoichiometric coefficients
a, b, ¢, and d, which remain as they are:
_ [€]¢[p]¢
© [A]P[B]P
LMMJM)AJQM\ 3 gall ‘).\S\‘).aé\ (tMMJ)AAA) Jeladl) C_\\yJJS\)JMUQQJmqu\
Ay gall Aalaall b Lelalan (5 sbosy Gl ) L OIS 5 Gy o (U
Thus, Q is the ratio of the product concentration terms (multiplied together) to
the reactant concentration terms (also multiplied together), with each term raised
to the power of its balancing coefficient.
:0an el s an g i) e Wi se¥) 0 sSE Je i A (Ul Jans e
For example, for the formation of ammonia from nitrogen and hydrogen:
Na(g) + 3Hzg) = 2NHs(
k_i).u.ad ?M‘ ‘_g‘ds\s.ud\ .J\).d\ J.\S\J.UM\ ‘_gc\_ﬂ}ﬂ\ ).\S\).\ @4}1 w‘}]\j ).\S\).ﬂ\ L_L\J
A5 Alsbeal) 8 Lleboa g sbosy Gl ) Ve JS i 58 5 Gee 3805l
Arrange concentrations and exponents: Place product concentration in the

numerator and reactant concentration in the denominator. Multiply the
concentration and raise each to the power of its stoichiometric coefficient.

Q. = [NH;]?
©IN[H,]P
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sl Laila Clas g ()50 Legla (i€ Gl cclan 5 Dy L ofae) Q Jelal) duala 5 K o)) 51 <l
pie e Aal AKE Clan 8 5 il gl 5 58Il K sl K pladiad vie jedai 88 Cilas
Adpall 8 dulal) A o)

Do K and Q get written without units?

The equilibrium constant K and the reaction quotient Q are unitless quantities;
therefore, their values are always written without units. Any units that may appear
when using K. or K, directly with concentrations or pressures are formal units
resulting from not explicitly showing the standard state in the expression.

A Sle il e I8 Jeldl) Juala i€ ] Jlia
Example 1: Write the reaction quotient for each of the following reactions:
a) 2N20() = 2Na2(g) + Oz(g)
b) 2NOBr(g) = 2NO(g) + Bra
¢) HFaq) = H'ag+ F(ag)
d) COg + H20¢g) = COxg) + Hagg
€) CHa(g) + 2H2S(g) = CSz) + 4Hzy

f) H2C204(aq) = 2H+(aq) + C2042_(aq)
¢ [N 012 ¢ [NOBr]2 ¢ HF]
Csz][Hz]

2][Hz] 1[C2037]
D Q= [co ol 9 T sy D= [H2C204]
o) ug;um O OS1,Qe Jeliill Juala i) 18-1
2N205(g) = 4NO2(g) + Oz Cra il (AU S (euled <R (a
CsHs) + 502¢g) = 3CO2) + 4H20(y sl Blas) (b
Exercise 8-1: Write the reaction quotient, Q. for each reaction:
a) The decomposition of dinitrogen pentoxide 2N>Os(g) = 4NO2(g) + O2(g)
b) The combustion of propane. CsHs() + 502 = 3CO2) + 4H20(y

[NOJ?[Br,]

Weriting Q for an Overall Reaction S Jeldil Q 48
O sl S Je il o 55 s s Je i) Gl o ¢ ST 5 pleling gama sa SH Jetadl S 1Y)
Aol @l glad W o) 53 culd j\ Jelatll Juals @ poia Juals
If the overall reaction is the sum of two or more reactions, then the reaction
quotient and the equilibrium constant for the overall reaction are equal to the
product of the reaction quotients or equilibrium constants of the individual steps.

QCZleszQ3X..... , I/(cnglszXK3X:....

035005 Sl puall Al ol (5385 8 paloy a3l Cpm 5l u] 308303 12
r el e (SYI Juadodill JA (e W 3o
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Example 2: Nitrogen dioxide is a toxic pollutant that contributes to
photochemical smog. One way it forms is through the following sequence:
(1) Nag) + Ozg) = 2NO(y) K. =43 x102°
(2) 2NO(g) + Oz(g) = 2NO2(y) Ke=64 x10°
A il el Q pff o pa duals (5 sbasy Juesil 1363 Q (SN Je il Juals o 3 (a
a) Show that the overall Q. for this reaction sequence is the same as the product
of the Q.’s for the individual reactions.
LASS\ Jelaill K. Al Cuald cSJ\);j\ :\;JJ dd e u)u:uﬂ\ daas \J\ (b
b) Given that both reactions occur at the same temperature, find K, for the overall
reaction.

(1) Nz + Oz = 2NOyy Ka=4.3x10%

(2) 2NO(g) + Oz2g) = 2NO2(y Ke=6.4 x 10°
Overall reaction (sum): (8 saxall) A Jelal)
a) Nzg) + 2025 = 2 NOz(y

qQ = [NO,]?
[N-][0,]*
_ [NoP? _ [NOyJ?
VI, % T NP0,

Product: sl

INOP | INOJJ® | [NO,J° _
[NZ][0,]’ INOJZ[0,]’ ~ IN,][0, ]
Q=Q* Q.

Q:-Qz = (

b) K,
: Bl all A 3 (i s il shadl) waes O Ly
Because the steps occur at the same temperature. K. =K x Ke
K.= (4.3 x 10%) x (6.4 x 10°) =2.752 x 107" = 2.75 x 1071
‘HBr (2588 Bra s Ha O SV Jeléill i shaall e (SY) el #1580 3 2822 gy
Exercise 8-2: The following sequence of steps has been proposed for the overall
reaction between H, and Br; to form HBr:
(1) Brayg) = 2Bryg
(2) Brg) + Ha) = HBry) + Heg)
(3) H) + Brg = HBry ;
Sl 5hdll Qg adf iy Juala 54 Qp LSI Jelidl) Juala o (s ¢iig 3 pall 2SI Asbaall S|
RESH
Write the overall balanced equation and show that the overall Q. is the product of
the Q.’s for the individual steps.
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Writing Q for a Forward vs. Reverse Reaction ‘ ;
(oS aans) A6 3aus) Jelall e JUs
Example reaction (oxidation of sulfur dioxide):
2S02(g) + Oz(g) = 2505y ;
oY olaiy) 8 Jelidl Juals
Reaction quotient for the forward direction:
[S05)?
¥ = [50,12[02] |
(S aiSal) Je i) s 13 Ll
If we write the reverse (decomposition) reaction:
2803(g) = 2802(g) + Oz
(sobe) Jelall Juala sl )6 aall olad¥) 4 Jelill Juala
Thus, the reaction quotient in the reverse direction is the reciprocal of the reaction
quotient in the forward direction.
[SO2]%[0,] 1

Q=" =5
[SOs]2  Qf
(Ko e Al 3:das) il 3213
General rule (holds for K as well):
1 1
Qr = Q K¢ = K

: 1000 K die ¢ gaxe Jba
Numerical example, at 1000 K:
Ke=261 = K= —=3.83x 10
e L (Aaie gl i) ) 5S3 ) ala) Jeliil) 8 K 50l dailld dilaie aill o328 325
(Alnie Aeliiall ol sall () oS5 Cun) uall Jeliall 3 K J 5 jpea
These values make sense: a large K, for the forward reaction (products favored)
corresponds to a small K, for the reverse reaction (reactants favored).
& jidia Jale A ADlalaa Cy pia Jolil (Q AL
Writing Q for a Reaction with Coefficients Multiplied by a Common Factor
Qe Al iy o yida Jalay 435 ) sall Aalaall (8 COlral) mrens o puia ()
Multiplying all the coefficients in a balanced equation by a common factor also
affects the value of Q. ;
Yy b Caa Sl T Gl (K5 Je i 8 el e Uiy i 13)
If we multiply all the coefficients in the formation of sulfur trioxide by 2
2802(g) + Oz(g) = 2SOs(g) K.=261

we obtain. ‘e Jaani
SOz(g) + 1/202(g) = SO3(g)
7 [50,1[0,11/2
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Ministry of Educatio Mawhiba
: l/zwmic)s‘)n&mﬁy\ QC Lf}l'“‘ﬁm‘ Ualaadll ah@J Qc:\.az\ﬁuihy
Notice that Q. for this halved equation equals the original Q. raised to the power
of 2:

- 12 _ (_[S031* 172 _ _ [SOs]
Q' = Q)™ = (5o 20,7 / = 50,110,112
(o EY) s e Lgads A galais
The same relationship holds for the equilibrium constant:
K'f — (Kf 1/2
K'sr=(261)"?=16.2
General Relationship dalal) 4Bl
n Jabeay 45 g0 Aalaa (A& Sbaall paan a1
If all coefficients in a balanced equation are multiplied by a factor n,
n(aA +bB = cC + dD)
re WS (oY) ) lad ) 48Dy a3 i g Je i) Juala Gl
then the reaction quotient and equilibrium constant are related (raised to the
power n) as:

Q (Q)n (A]a[B]b)n
K'=(K)"
4k a3 ga f A Bl gau o (g gy Jo il Q Alis
Writing Q for a Reaction Involving Pure Liquids or Solids
Gy (ld dalise ) shal a8 ) sall ()5S Laie (Aasilacie ) 330 45l dadasl Luddls (oY) s
ilaie e Ul 3y
So far, we have discussed gaseous systems (homogeneous equilibria). When
substances are in different phases, it’s a heterogeneous equilibrium.
Example: -l
CaCO3(s) = CaO(s) + COz(g) )
delal) Jials 4l dalal) ac ) gall Lad g
According to the general rules for writing reaction quotients.
[Ca0][CO,]
¢~ [CaCOs]
Jagh Ll i 380 55 elliad 4l i) gl 5 Aabiall o) gall G Lay (K15 48Dl 8 ) sall apen gz
Jeliil) Juals 40US aic
All substances are included in the expression . However, since pure solids and
pure liquids have constant concentrations, they are neglected when writing the

reaction quotient.

Thus, s Sulbsg
[CaCO5] _

Q Qc [CaO] [COZ]

35

ibgll ailualillg aglell sliualgi



See, _Lees ‘/‘:‘v 9 o [TThd ]
Minis JrLL_Cr.”:wl.q\ l‘\‘/l:\;:?l;: NSMO
Kp s Ke O A3dal) sJaruial) alddliuly I Y G )

Expressing Equilibrium with Pressure Terms: Relationship Between K. and K

1S sl ol Hladl el Laxie 38 53l Gl (e gl Jarzall Ll (55 Lo Wlle o 3ladl cdle i) &
/V 58 AL P lasaall Jay pr JGal) Sl ) 538 ransy Al G 3 (ge L 8

For gaseous reactions, it is often easier to measure pressure than concentration.

When gases behave ideally, the ideal gas law allows us to relate pressure P and

concentration n/V:

PV = nRT = P = —RT P_n
= =) = —_— —_—
n v RTTV

- oY sall S 5l e B pla it Iaraall ()5S0 T 50 yall da 3 s e ¢ Ul
Thus, at constant T, pressure is directly proportional to molar concentration.
Example: Oxidation of Nitric Oxide Ol 2l J o) 32080 1 i
2NO(g) + O2g) = 2NOz(y)
b LS ) il e Vo) Jelidll Juala (iiSS
The reaction quotient based on partial pressures is:
Q, = (Pno,)?
P T (v0)2(Roy)
A s A ) YD s Gla o ) YT Aol adaria die e JS 6K Ladie ) Y die
Aial Lo geally 51 il vie Galill ALE K5 Q G dualsl) cliSlal) wes 25 K,
) MMMKCJKPWJSJ@}
At equilibrium, when each gas is at its equilibrium partial pressure, the
corresponding equilibrium constant is K,,. All relationships involving Q and K
remain applicable when concentrations are substituted with partial pressures.
The K, and K, are related by relationship:
Ky, = KC(RT)AH
where: s
R = gas constant (0.0821 L.atm-mol . K™") <& jladl &b
T = temperature in Kelvin G\ 5 ) jall ds )
An(gas) = (moles of gaseous products) — (moles of gaseous reactants)
An(gas) = (MJL!J\ C_i\jﬂ\ L_'N}A JA.C) (@JL’J\ OOle Laiall £_\\}(.}A AJQ)

If: 1)

An=0—K,=K,

An>0—K,>K,

An<0— K, <K,

Ll (lgie jueill 48 jha (8 Jlling Legi€l () Y1 (e Lguds Al (laay K 5 Ky G4 el
S i

Thus, K, and K. describe the same equilibrium but differ in how they express
pressure versus concentration.
Aasa (e iniall CAL Galaall Sle 4 CaCOs gl saall iy Sl (udige o sdy 3 Jlia
.CaS04-2H20 ) \-’)SA Sl e SO2 e i t,,S-ﬂ‘ «CaO_eall (p Sl Pﬂb Jasd 43la
r oY) Jelill K dad sl
CaCO3(S) = CaO(s) + COz(g) Kp =2.1x10* (at 1000 K)
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Example 3: A chemical engineer injects limestone CaCOj into the hot flue gas
of a coal burning power plant to form lime CaO, which scrubs SO, from the gas
and forms gypsum CaS0O,4.2H,0. Find K, for the following reaction:
CaCO;i) = CaOg) + COyyy K, =2.1x10"*  (at 1000 K)
Ang = (1 mol gas products 4 )& & 59) — (0 mol gas reactants 4)le Cileldia) = +]

K, =K(RT)™ = K =2
Given R=0.0821 L-atm mol™' K'and T = 1000 K
RT =82.1 L-atm mol™

213 x107*

K.=—"—" "  =256x10"¢
. 5T 2.56 X 10

1 Sl Jelaill K, caal :8-3
Exercise 8-3: Calculate K,, for the following reaction:
PCls(g) + Clag) = PCls(g K. =1.67 (at 500 K)

Jo L) oladly gl K 9 Q 44 ha
Comparing Q and K to Predict Reaction Direction
a0 die Cag yea KOVl s et il s e litall (e JS e g sing i e el (o ia yidil
o 38 aUail IS 13 Lo ans i€y (K e Q Jeliil) Jals e & jlia JDA (ya sa3aal) 5l al)
1odas ol 3 () O s sl Jo L) i ol (g (M8l €5 13— of ) 351 Al ) iy
raalia 3 COMelitall 3:S) 355 Q dawwy 8 sedai il il S0 5 oY
ST Q Jaa il il peS 3aly 5
oal Q Jead COleliiall 4S50l ) o
i deliill yaiu Ko (e ST 1 jral Q 4 (585 Laie (8.2 JSll hail) ol &0 ey
gl J) sl A3l a5 K o BaY Q. = K g
Suppose you have a mixture containing both reactants and products, and the
equilibrium constant K is known at the given temperature. By comparing the
value of Q (the reaction quotient) with K, you can determine whether the system
is already at equilibrium—or, if not, which direction the reaction will shift to
reach it. Since product concentrations appear in the numerator of Q and reactant
concentrations in the denominator:
* Increasing the amount of products makes Q larger.
* Increasing the amount of reactants makes Q smaller.
There are three cases (see Figure 8.2). When Q. is smaller or larger than K., the
reaction continues until Q. = K.. Note that K. remains the same throughout.
(sl ol e G 1S (555 (3l liial) il 0l (K (o sl Q dinh sl 1311
(Opadll s Jelal) aady AL o) gl daS ol i Bl litall dpaS J8 () cang ) Y1 () J saaa sl
2 ) (a5 ol
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1. If Q is smaller than K, the denominator (reactants) is relatively large compared
to the numerator (products). To reach equilibrium, reactants must decrease, and
products must increase. The reaction therefore proceeds to the right, toward
products.
Q <K, reactants <Msliia — products s
(e linall) Alially 4 e Vs 1508 (35S (gl sill) Jowadl (3 (K (pe ST Q Aah il 13) 2
s Jelil aady G Celinall AaS 2355 gl il AeS J8 o im0 Y1 Al ) el
Oole el slasnly Lﬁ‘ ¢ bl
2. If Qis greater than K, the numerator (products) is too large relative to the
denominator (reactants). To reach equilibrium, products must decrease, and
reactants must increase. The reaction proceeds to the left, toward reactants:
Q > K, reactants «dslia < products &y
VY s die Jrdlly (55 ) il g e liiall e JS 38053 Gl (K I A slae Q e 0 5Si Laie 3
(o) 3 Al b AUl ) o5 ¢ i) Cila yiad gl oy Y g
3. When Q equals K, both the reactant and product concentrations are already at
their equilibrium values. No further net change occurs; the system is at
equilibrium:
Q = K¢, reactants «<dsWis = products & s

X b
@ mvm‘g
Reactants — Products Product — Reactants
Chlelita —y g Zil 55 s e liia

K Q (et A8all 5 Jeldill olail :8.2 JSA)
Figure 8.2: Reaction direction and the relative sizes of Q and K

Summary: s sadlal)
(2<I<C ).\S\ \}st.m.u uuﬂ\};_mdc\s.ﬂ\m
Reaction shifts right, forming more products.
Q>K. ST e Lte JSAT ¢ glead) s Jelail) aayy
Reaction shifts left, forming more reactant.
Q=K. O Al il il i ol Giasy Y

The system has reached a state of equilibrium.

[A]=2.8x 10" : (L WS 175°C 2ie )3V g ye 58N 5 ()5S ‘Ag) = By Jelall :4 JUa
Aol o) ya) U Adliae dia 3 vie Tadlaall olial Ay jall JSEY) Jidd | [B]=1.2 x 104 Ms M
Lula JS 8 delilll IS 1A Lo i (GooY) sl B o) sl A) Jelill 1agd 4 () ] o

A A ) Jgea sl U 53 (ol sy O gl o) sad sl epal) a4
Example 4: For the reaction Ay = By, the equilibrium mixture at 175°C is [A]
= 2.8 x 10* M and [B] = 1.2 x 10* M. The molecular scenes below represent
mixtures at various times during runs 1-4 of this reaction (A is red; B is blue).
Will the reaction proceed to the right or left or not at all for each mixture to reach
equilibrium?
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K = _ 1.2x107 —4 _ 043
© [A] T 28x10%
. K. =0.43 a4 ia .
| olady!
‘LU.'A"j Na(red) NB(b.l ue) Q~=Ngp/N,4|| Compare to K. = L
experiment| ¥V || 35! 0.43 Direction
Left (toward A)
1 2 8 4.0 Q>K, (A sl
_ At equilibrium
2 7 3 0.43 Q=K. o) Al i
Left (toward A)
3 6 4 0.67 Q>K, (A saili) st
Right (toward
4 8 2 0.25 Q<K B)
(B oaily) cpad)
Final Results: Ailg ) el

(A 0o STaS 385 ) ) s Jeldill 4y 23 5 1 il
,(#&my)o\;\uu@d;uﬂ\ 24 il e
(B 0e ST 40aS (385) cpal g Jeliill andy 14 4y padll o
* Experiments 1, 3: Reaction proceeds left (forms more A).
* Experiment 2: Reaction at equilibrium (no change).
. Expenment 4: Reaction proceeds right (forms more B).
.L.J\AA d\&m\ﬁ\ dld 1.4 LS}LM-’ K. :\-A-‘é UJS-' X(g) Y(g) Jelall (338 K 2ic :8-4 G
& (s ) Jeliil) & i olai) (g1 (&, V) Ol Y 5 U ()l X 058 Cua il
SV Al 1) gum sl Il S
Exercise 8-4: At 338 K, the reaction X =Y () has a K¢ of 1.4. The figures
represent different mixtures, with X orange and Y green. In which direction will
the reaction proceed (if at all) for each mixture to reach equilibrium?

2 . 3 .

(Jelill i Ladhaal 4 100°C 2ie K= 0.21 dag )5S N2Oug) = 2Ny Jeliill :5 Jlia
A 13 S0 3V AW die Jelal) Ja [NOy] = 0.55 M 5 [N2O04] =0.12 M e JS SIS
Paaio olail gl M8 (el S,
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Example S: For the reaction N>Oyg) = 2NOy), K = 0.21 at 100°C. At a point

during the reaction, [N;O4] = 0.12 M and [NO,] = 0.55 M. Is the reaction at
equilibrium? If not, in which direction will it proceed?
B [NO,]? B (0.55)2 _0.3025

- = = ~ 2.52
AT [N,O0,]  0.12 0.12

Q>K.

Wlgtose 5 N2Oa (e 2 3all 03 5S080 (Ole il gand) ol sl daisns 5 ¢l 531 Al die Gl Jelil
Qe =K & 5 s ) dhas A= NO,
The reaction is not at equilibrium and will proceed to the left (toward reactants)

to form more N204 and consuming NO; until equilibrium is reached, Q. = K.
rdeliill (385 Jla 5 sISl) (385, :8-5

CHag) + Clyg = CH;3Cly) + HClg
ek LS 4 ) b gl cilS Jeléill Jadas 8 Ky = 1.6 X104 4 (15551500 K 2ie
Puc1 = 0.47 atm 5 Pcpscg = 0.24 atm 5 Pop, = 0.035 atm 5 Pcps = 0.13 atm

fCH, o CH;3Cl 03Sim Ja

Exercise 8-5: Chloromethane forms by the reaction:

CHa(g) + Cly = CH;3Cl) + HClg
At 1500 K, the value of K, = 1.6 x10*. In the reaction mixture, Pcys = 0.13 atm,
Pcp = 0.035 atm, Pcpscr = 0.24 atm, and Pyc = 0.47 atm. Is CH;CI or CHy
forming?

How to Solve Equilibrium Problems OV Jila Ja 43S
e 55 ana Lgaline it Sy (80 ¢ il allall b o)) 3V Jlse (pe aall L
O Y e el e shaes K e s 1
AP S K A e sl ol V) S il 2
Many kinds of equilibrium problems arise in the real world, but we can group
most of them into two types:
1. Calculating the value of K given the equilibrium quantities.
2. Calculating the equilibrium quantities given the value of K and the initial
quantities.
Yl Alagy Gl aladiad
Using Quantities to Find the Equilibrium Constant
Aa) bty AT 5 K land Sl (g el el Lasaal s Jilisal) 038 (g (et cle 5 @llia
N5 Clall) sy
There are two common variations in this type of problem: one involves
substituting quantities to calculate K, and the other requires first finding some of
the quantities.
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ol 5 AUl Qs L_Ar_ coa il K lwal slaxdll OV leS PRENI ¢ Jilwall (e &).d\ Jaa ‘_g
& ALls )l pada o aie [50 L 4eaa (3550 (8 25l 5 (s oedl (518 (e A sl SlLiaS (8
P I IR NS PV PN TR TGE- A R W
Hag) + Lo = 2Hl )
HI 0 0.520 mol 51, i« 1.80 mol 5 Hy (= 1.80 mol e (3,53l (s sima ¢ ) 33V 2ie
'K lual
Substituting Equilibrium Quantities into Q to Find K
In this type of problem, we use given equilibrium quantities to calculate K.
Suppose, for example, that equal amounts of gaseous hydrogen and iodine are
injected into a 1.50 L flask at a fixed temperature. In time, the following
equilibrium is attained:
Hag) + Lo = 2HIy
At equilibrium, the flask contains 1.80 mol of H», 1.80 mol of I, and 0.520 mol

of HI. To calculate K:
H,| =l —180—120M HI—O'520—0347M
[2]_[2]2_1.50_ ' | ]_21.50_ '

HI 0.347

LHI] ( ) = 8.36 X 1072

L] T @200
K 5 ) &S 4o (ICE) ol Jsaa pladi
Using a Reaction Table (Initial, Change, Equilibrium (ICE) to Find Equilibrium
Quantities and K
Jeliill ALl c¥alaal) 3 el o aaied Gllua adiius (bl s asd Y Laie
K A cuand o daalagy (deladll Jsas IS (e)
) ) 5 smisa (o B m 1S e (5 s £ 58 sle 5 (AL ¢ S0 52SY Al 3 b Sl
de CO 03855 ¢0.458 atm ) baall duay S COs e Capal 1080 K 5l a da 0
K ceal 10.757 atm S Jasall S5 <o) 51
When some quantities aren’t given, reaction stoichiometry (via a reaction table) is used
to find them, then compute K.
For example, in a study of carbon oxidation, an evacuated vessel containing a small
amount of powdered graphite was heated to 1080 K. Gaseous COx is added to a pressure
0f 0.458 atm, and CO formed at equilibrium, the total pressure was 0.757 atm. Calculate
Kop.
Lefi LaaY ¢Q, 48dle (i 1Al (K, ) ra g (atm) (s sa ) darall Bas g3 BUase llall B T ke
:C(graphite) 4lall salall s (alaii Y
The data are given in atmospheres, and we must find K,, so we write the
relationship for Qp; note that it does not include a term for the solid, C(graphite):
Ci) t COzq) = 2C0O()  (heterogeneous equilibrium psilaie ye ol 5il)

ICE table in partial pressures (atm) (atm) 43l b gl ICE Jsaa
State COzg COg Ce)
Initial 0.458 0 excess (u=ild)
Change —X +2x -

Equilibrium 0.458 —x  2x —
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Total equilibrium pressure: ;0 die  AS)) szl

P, = (0.458 — x) + 2x = 0.458 + x = 0.757 = x = 0.299
Pco,eq=0.458 — 0.299 = 0.159 atm
PCO,eq: 2x = 0.598 atm

For this reaction, solids are neglected: Aaliall ol sall Jegh ¢Jelitl) 1ag])
(Pco)® _ (0.598)%
K, = = ~ 2.25
PCOZ 0.159

% 0.200 mol = 2.00 L 4eaa & Hie (350 sday Sy ald (o 5 puel) alla S5 4 ol 26 Jlia
1453°C 5,5 s s vie JeiS) Jelall & i (HT o 5ouedl 205 Sle
2HI(g) = Hagg) + Ing)
K 4l cuaal ([HI] = 0.078 M OIS ¢ 35Y) xie
Example 6: To study hydrogen halide decomposition, a researcher filled in an
evacuated 2.00 L flask with 0.200 mol of HI gas and allowed the reaction to
complete at 453°C:
2Hl(g) = Hag) * I
At equilibrium, [HI] = 0.078 M. Calculate K..
Let the reaction progress by x (in M). (LY sall 83a 53) X Jlaiay deaany Jeliill o (2 5iy

State HI H: 1>
| | 0.100 0 0
C -2X +x  +X

E 0.100 — 2x X X

[HI]eq: 0.100 —2x =0.078 = 2x =0.022 = x=0.011 M
: ][sz]]@q) = [L2]e = 0.011 M
_ [Halggllzleq  (0.011)(0.011) >
K. = HIEL . (oo7e? 1.99 x 10
(sl Gl 8 a5 5l AT J sl 300ST A ) ol 1846
2NO(g) + Oag) = 2NOsyq)
de 0, 4 1.000 atm s NO 4 1.000 atm W _laie 4l Ja gray g 184°C 50 s 4x )y die
K, cal Po, = 0.506 atm ¢S o) 3V
Exercise 8-6: The atmospheric oxidation of nitrogen monoxide,
2NO(g) + Ong) = 2NOxyq)
was studied at 184°C with initial pressures of 1.000 atm of NO and 1.000 atm of
O,. At equilibrium, P, = 0.506 atm. Calculate K.

el dag¥ oY)l aladid
Using the Equilibrium Constant to Find Quantities
Adling JIS&) sae Uyl ad g ol 391 <l alag) Jilusall (e & 5ill 138 Cpaiaty
This type of problem involves finding equilibrium quantities also has several
variations.
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s HyO 5 CHy )8 (Sl evige Jalay cs 520 2 g8 5 130 ) Glisall Jysail 4l ) 8 17 Jlia
CO = 0.26 mol e G35l (55 ¢ ) 33Y) 2ie 1200 K 3l 4a 0 2ie 0,32 L4z (350
f0153Y) 2ie [H,0] 4ed el H)O 0= Jilé 5 «CHy (= 0.041 mol 5 <H, = 0.091 mols
( Kc=10.26 48 55551200 K 3, da ) die dleall 23¢])
Example 7: In a study of the conversion of methane to other fuels, a chemical
engineer mixes gaseous CH4 and H,O in a 0.32 L flask at 1200 K. At equilibrium,
the flask contains 0.26 mol of CO, 0.091 mol of H,, 0.041 mol of CH,4, and some
H,0. What is [H,O] at equilibrium? (K. = 0.26 for this process at 1200 K).

CH4(g) + H20(g) = CO(g) + 3H2(g)

_ [CO] [H,]?
¢ [CH,] [H,0]
Equilibrium concentrations: Y S 5
CH —0'041—013M CO —0'26—081M H —0'091—028M
[CHa] = 032 3l ]3_0.32_ ' '[32]_ 032
CO] [H 0.813)(0.284
[H20]=[ IH2]"  ( )( ) ~ 0.56 M

[CH,] K.  (0.128)(0.26)
258 5l lala o bl Hy 5 CO; o HpO s CO e I3 1o 3 8 1 suniga aadine 18 Jlia
125 mL 4saa (3,50 A el Ja (510 0.250 mol 5 CO & (32 0.250 mol g3 13 S 5il)

1.56 skt K A () Caale 13) 6l jall Aa 3 il 3ie G153 g e S 5 ek <900 K e

Example 8: Fuel engineers use the conversion magnitude from CO and H,O to
CO; and H; to regulate the proportions of synthetic fuel mixtures. If 0.250 mol of
CO gas and 0.250 mol of H,O vapor are placed in a 125 mL flask at 900 K, what
is the composition of the equilibrium mixture at this temperature, given that the
value of Kc is 1.56?

CO(g) + Hzo(g) = COz(g) + Hz(g) K.=1.56

Initial concentrations (0.125 L): :(0.125 L) 4yl 580 3l
0.250
[CO]o = [H20]o = 0125 = 2.00 M; [COz]p = [H2]o =0
Concentration (M) CO(g) H:0(g) CO:(g) Hz(g)
Initial (T) 200 2.00 0 0
Change (C) —X —X +x +x
Equilibrium (E) 2.00—x 2.00—x X X
[CO,][H,] X2 X
= = =156 > —=+v1.56 = 1.249
¢ = COJ[H,0] _ (2.00 —x)? 7 2.00 —x
x=1.11
Equilibrium concentrations: 101 Y S) 5

[CO] = [H:0] =2.00— 1.11 = 0.889 M
[COs] = [Ha] = 1.11 M
Equilibrium moles (in 0.125 L) (0.125 L &) OV 3 @Y s 220 Jllly
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Nco = Npo= 0.889 x 0.125=0.111 mol;
nco,=np, = 1.11 X 0.125 =0.139 mol.

2NO(g) = Ny + Ong Al Aslaall (335 (a5 sl 2T J ol Ry 87 ad
.Pn2=0.781 atm s Po, = 0.209 atm ¢S g sl adlall & 298 K xie K, =2.3 x 1077
fandiiy Gl o) sl ANO S o) 31 die A sl sl L
Exercise 8-7: Nitrogen monoxide is decomposed by the following equation:
2NO(g) = Nagg) + Oney; Ko = 2.3 x 10°° at 298 K. In the atmosphere, Po, = 0.209
atm and Py, = 0.781 atm What is the equilibrium partial pressure of NO in the
air we breathe?

2.50 moluﬁmeﬂbjw&)\ﬁﬁjdm HI O:\.AJ‘)A%@J‘ %Jﬁﬁh\)&% :8-8 L,I:UA:I

fdelall o) Y vie [H,] 4ad W 25°C 5l s da 3 2ie 10.32-L 4ena sle 5 S HI (=
Exercise 8-8: The decomposition of HI at low temperature was studied by
injecting 2.50 mol of HI into a 10.32-L vessel at 25°C. What is [H;] at equilibrium
for the reaction? 2HIy) = Hyg) + Do K. =1.26 x10?

Jsgaall S 5 dlag¥ AN A jal (e ci¥alea aladiu
315 ol G G ddasd) Latd¥) A5y sl aladial (e Y il ) 51 Jilie (any 8
Adline 30 5 Tar 08 e laiall o sall (Y ol & 4 sluia e léial) o sall
O Sl 8 sl Gl 1,00 M H20 52.00 M CO JnS s Jeldll T 13) ¢ il Jass e
a8kl (Y — wdll — AN ICE Jsaa dlae) caag Alladl ol & Jilaie JS0 a8lis
OV et A0S die Al A jall e Aales @) e i g cbalizal)
Using the Quadratic Formula to Find the Unknown
In some equilibrium problems, the simplified “equal concentrations” shortcut
can’t be used because the reactants start with different initial concentrations.
For example, if a reaction starts with 2.00 M CO and 1.00 M H:O, the changes in
concentration no longer cancel symmetrically. In this case, the ICE (Initial—-
Change—Equilibrium) table must be set up normally, and the resulting equilibrium
expression will form a quadratic equation.
CO(g) + H20(g) = CO2(g) + H2(g)

Concentration (M) CO(g) H:0(g) CO:(g) Hzx(g)
Initial (I) 2.00 1.00 0 0
Change (C) —X —X +x +x
Equilibrium (E) 2.00—x 1.00-x X X
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_ [CO:J[H:] _ x) ) _
Ke = [CO][H:0] (2.00—x)(1.00-x) 1.56

x=0.732 M
[CO]=2.00—0.732=1.27TM
[H20]=1.00—-0.732=0.268 M
[CO:2]=[H2]=0.732M )
& 5l g Ao Liial) 3) gall (pa Unidd cpaniaii (Al Jibeaal)
Problems Involving Mixtures of Reactants and Products
02583 gad Jelail) olai) S Gl cJas e iall 3 s g T Bl Lail) culS il o) 351 Jilsa b
@\yﬂm%oju\}ukwduajub&u)ﬁ\)ﬂ\Lé&_i\‘).\z_\l\ &_u\Sj c\ma\jc_\\jﬂ\
Lse Cigyma e Jelaill oladl o8 ool 5l 5 e liiall (o e 3e 253 53 oUaill Ty Lenie Lol
In previous equilibrium problems, reactions began with only reactants, so the
reaction direction (toward products) was clear, and the changes in concentrations
were assigned negative signs for reactants and positive signs for products.
However, when a system starts with both reactants and products, the direction of
the shift is not obvious.

G o) sl (K) o) 33V i e (Q) Jeliitll Juals daf 45 5li ¥ f oy ccVlall 028 8
10V Y (N J g sll i) 4d o i

sl (sS85 s dady Jeldll b« Q <K S )

e liall (p S gad ash Jeldll Q> K oS 1

O YL G’ TCE Jsaa dlae) Jad pzdl) olad) apaad e 45 jlaall sda aclud

In such cases, you must first compare the reaction quotient (Q) with the
equilibrium constant (K) to determine which way the reaction will proceed to
reach equilibrium:

If Q <K, the reaction shifts toward products.
If Q > K, the reaction shifts toward reactants.
This comparison identifies the direction of change before setting up the ICE table.

A € aa (CHa) bl Jelis il IS AN (gan) (A ghaill g Sanll Bas 5 a5 19 Jlia
(Sl Jelaill 385 ¢ aplall HEl L3S e Lat 5 ¢(HaS) Ceasongd)

CHa(g) + 2H2S () = CSzg) + 4Hz(g

5 HoS 0+ 2.00 mol 5 CSz ¢+ 1.00 mol s CHa ¢ 1.00 mol hls 3 e jlaill gas) &
¢l all e da jall oda die 960 °C 3 > Ax 0 22250 mL 4ana cle 5 A Ha (0 2.00 mol
Ke=0.036 ) 53V i dad ils
Y Al ) J s sl Je il phii o) sl 8 (a
0135V die (5 AN ) sall 30 5 Lad el 3V 2ie [CHa] = 5.56 M oS 1) (b
Example 9: The research and development unit of a chemical company is

studying the reaction of CHa4 and H-.S, two components of natural gas:

CH4(g) + 2H2S(g) = CSz(g) + 4H2(g)
In one experiment, 1.00 mol of CHa, 1.00 mol of CS2, 2.00 mol of H>S, and 2.00
mol of Hz are mixed in a 250 mL vessel at 960 °C. At this temperature, K. = 0.036.
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a) In which direction will the reaction proceed to reach equilibrium?

b) If [CH4] = 5.56 M at equilibrium, what are the equilibrium concentrations of

the other substances?

Calculate the concentration using (n/V): :(/V) aaxall s &Y sall 232 (30 380 A8l o)
[CH.] = 4.00 M, [H2S] = 8.00 M. [CS:] = 4.00 M, [Hz] = 8.00 M

a) Direction of reaction Jeladll oladl (a
[CS:][H2]*  (4.00)(8.00)* (4)(4096) 4096
¢ T [CH{[H:S]Z  (4.00)(8.00)2 (4)(64) 64
Q.(64) > K.(0.036)
O (G J sea sl (ke el slasly) Slesdll A ) 3 JeLal)
Reaction shifts left (toward reactants) to reach equilibrium.

b) Find equilibrium concentrations OV Y 38) 5 Al (b
State CHasg +2H:Se =CSzg +4Hzg
I 4.00 8.00 4.00 8.00
C +x +2x —X —4x
E 4.00+x 8.00 +2x 4.00 —x 8.00 —4x

At equilibrium )3 aie [CH4] =5.56 M
400+x=556=>x=1.56
[H-S]=8.00 +2(1.56)=11.12 M
[CS:]=4.00— 1.56=2.44 M
[Ha] = 8.00 — 4(1.56) = 1.76 M
_ (244)(1.76)*
¢ (5.56)(11.12)2
L 3 3 0.5 mol 5 Hy J& (3 0.5 mol 3«5 ¢10 L lgwna d& S0 Al shausl 3 :8-9 cu
K =50 01 3 cnlbaasd (585 (a5 onedl ma g Jle (0 sSH 448°C 5 a da jo 2ic
T Y die darall La g il glauslll 3 Alaiy) S dasall e (a
SOl s 8 (38 JS1 el bl L (b
)Y die Jeld ¢ s Aaiiall (T2) 2sall &Y g0 20 L (¢

= 0.034 =~ 0.036

Exercise 8-9: In a 10 L evacuated cylinder, 0.5 mol of Hz and 0.5 mol of L. are
mixed at 448°C to form hydrogen iodide gas. The equilibrium constant is K = 50.
a) What is the total initial pressure in the cylinder, and what is the pressure at
equilibrium?

b) What is the partial pressure of each component in the equilibrium mixture?

¢) How many moles of iodine (I2) remain unreacted at equilibrium?
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Reaction Conditions and Equilibrium: Le Chatelet’s Principle

Le Chatelet’s Principle Anlild ol o

u@&@dhwu\fﬁ\d\;&w@b “_a\Jlam\)[ u\}\d\;@e&;ua‘)z_uum \.J.pd\ °

2l et i ).u\_a ) dls.\
S e s ST ey Q # K Jrn ol il 5355 Latie Caaay il slaaY) e
ol da 3 ol ((aaad) Gaskb o) ezl

(c_}\).d\ L.A\ O e il UA) u.\A.\M u‘).!‘}“ @é}&\ 4al u\)ﬁ‘)“ @A}A oladl / L;LAM Jeladll o
S e chain 0 5 Al ) el s (Sleiall ) gl s (pm) el s
ol T s dslaal Lo gacall /

$oJ\J;J\ A )5 c(eaaj\ }\).Luuaj\j c‘).\s‘).\j\‘éﬁ«_\\‘).\a_\ﬂ‘ut;.\uy‘ M\JJ c«‘)aj\ Jaa DX -
Ly Ylia A%a s PC13(g) + C]z(g) = PC]5(g) eLL:.\]\ e\d;.u.u\_a c‘)s;a Jule Al

* Principle: When a system at equilibrium 1s disturbed, it reattains equilibrium
by a net reaction that reduces the effect of the disturbance.

* Disturbance: Occurs when a change forces Q # K. Common changes:
concentration, pressure (via volume), or temperature.

* Net reaction/shift: The equilibrium position shifts right (from reactants to
products) or left (from products to reactants) until a new equilibrium is
reached, changing concentrations/pressures to counter the disturbance.

* The focus of this section: studying the response to changes in concentration,
pressure (or volume), temperature, and the addition of a catalyst, using the
system PCls(g) + Cloq) = PCls(g as an illustrative example.

The Effect of a Change in Concentration S A ) b
Lgﬂ\ o\;.a‘}[\@d\ﬂ.u‘}[ba_u;_wumb cé\_ab}SAJ;\ )ﬁ}@)@u\}\db@ehuaﬂum
J.\Lﬂ\ (KYY e dh.\

' AALU'S\ o8 (o JIEy (sl slad¥) A S SlanSH ) 3V Gl e liall asd 38 55 ala ) 1)
).J\ adbj)u\_ac.qg_m:mm?\)ﬂ\ J.\S\JJJ.\:.L\MJ cd:;\sﬂ\é\.c)ud\d).m c‘;\_ﬂhj ).\S).\]\
ol il 138 g A olai¥) L dnis Jeliil) (b (Sl linal aal (e dueS ey 313 (Jiallis
u\ﬂ\w\c@)&a@n ol L 5l olls 5,8 55 il uSlay (o3 ola3V) b o i
i Y AR ALl S gl 5 OB gl e bl ol G ¢ Y e Sl 35 (Q)
When a system at equilibrium experiences a change in the concentration of one
of its components, it responds by shifting in the direction that minimizes that
change:
If the concentration of one of the reactants increases, the chemical equilibrium
will shift in the direction that reduces this increase in concentration. Accordingly,
the reaction rate will increase, and the reaction products will change in proportion
to the effect of the increased concentration.
Likewise, if some amount of one of the reactants is removed, the reaction will
proceed in the direction that compensates for this decrease; that is, it will move
in the direction that counteracts the reduction in the concentration of that
substance. Only substances that appear in the equilibrium expression (Q)
influence the equilibrium position; therefore, changes in the quantities of pure
liquids or solids have no effect.
47
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A Qualitative View of a Concentration Change SN st Jo de gi 3 Al

‘Ladic Q\_}:’Y\ PA(EN QJ\ PC13(g) + Clz(g) = PCls(g) ew‘ d-‘A-J 523 K 3_)‘_)3 :‘é_)ﬂ die
system reaches equilibrium when At 523 K, PCls(g) + Clz) = PCls(,) then:
L ) B
2= peiien] ~ T
O padase Ao S5l 8l el g cas Jlas lies «Q, = K o 3
Starting with Q. = K., let’s analyze how changes in concentration affect the
equilibrium position.

PCls + Cl2 (addeay — PCls Joliia dpas 30y ) %.1

Gib oo Gl a1 Jilsl Jelay oUaill (é o) 351 xie Jeldill ) Cl, Jle (e daS Capal 1)
L) 3 [CL] S sa) &) il sill dga sad Y1 gy Las cilimall Clo (30 5 a g
lgiusa s PCls (1 2 el U sSa e panll s Je il dnipns el oQ < K granan Cans QA b

Qe = K¢ e Ean 51 Al ) J g sl oy s «Cl 5 PCls 00 98
1. Adding a Reactant PCls + Cl2 (addeay — PCls
If additional Cl: gas is introduced, the system reacts to reduce this disturbance by
consuming part of the added Clz, shifting the equilibrium toward the product side.
Increasing [Cl,] initially decreases Q., so Q. < K.. The reaction proceeds to the
right, forming more PCls and consuming PCl; and Clz, until Q. = K, is
reestablished.

PCls < PCI3(removed) + CLz Jelia :\:‘AS ualdi) 2
OO salain (O eliiall dga) (el Agall sai aUaill axivs (PCly S 5 i) &5 1)
I PCls 00 2 3 885 Q> K o S «Q 8L ) (Al 4l (& (5% [PCl3] S 5 pads
Q.= K¢ Tl Cus ol 3V 2y S Cla 5 PCls
2. Removing a Reactant PClsqemoved) T Cl2 <— PCls
If PCls is removed, the system shifts toward the reactant side to restore balance.
Decreasing [PCls] initially increases Qc, so Thus, Q. > K. some PCls decomposes
into PCls and Clz, until equilibrium is reestablished Q. = K¢
75U dpas (i) i 334353
sl o Lo (gl (3adais
(e liiall slaily) Slal) sa ) 5V g 5 PCls S 53l )
() ol el s Y g 3 PCls DS i palis)
3. Adding or Removing a Product
The same principles apply to a products:
Adding PCls shifts equilibrium to the left (toward reactants).
Removing PCls shifts equilibrium to the right (toward products). )
;2..43323\ dacal)
) s ) V) anty Ly s B ali) 5 Jelia S Adl
Dbl sad Gl V) Ay L g ol S 834 ) sl e liie 4paS i)
Summary Rule:
Add a reactant or remove a product; consequently, the equilibrium shifts right.
Remove a reactant or add a product; consequently, the equilibrium shifts left.
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o S0 iy W (5l o g e i e J pumall s ) 5gll 3353 Cyamen Jaf (1a 210 Jia
105 CpanSYL &L LS cn somel) 2y »S e dadlas Gasb ce bl Jlall s aadll (1
Example 10: To improve air quality and obtain a useful product, chemists often
remove sulfur from coal and natural gas by treating the contaminant hydrogen
sulfide with O,:
2Ha8(g) + Oa(g) = 28() + 2H:0(g)

What happens to? 1 sy sl e
a) [H,0] if O is added? 0, caual 1) [H20] (a
b) [H,S] if O is added? 0, aual 13 [HaS] (b
¢) [0:] if H,S is removed? TH.S o=l 13 [02] (¢
d) [H,S] if sulfur is added? 0y <l Canal 13) [HS] (d
[H,0]?
= [,S2[0,]

(K 5 Q (e JS (53 S() Abiall salll yelai ¥ rddasdla)
(Note: the solid S(s) does not appear in Q or K)

JH207 2 Sl 5 csliaall Jelaiall éMginl el g o 3V 4niin 10,2330 (a

[H2S] oadaiy MUl s HoS elginl (A (5o Gaadd) a0 7l 33V L 10, 330 (b

LaY) [02] alas il s adll 3} &5 s Jeliall (o sxil Hludl sl sldaill 4ady -H,S oaldl (¢
(=Sl Jelail) A HO (e 38
O30 [HaS] i Jils (Q o Jaai ¥ s dda sale) ili (o oy ¥ 1§ ) Sl 30l (d
B e

a) Add O,: shifts right to consume added reactant; consequently, H,O increases.
b) Add O,: same rightward shift consumes H,S; consequently, [H,S] decreases.
c) Remove H,S: system shifts left to replace removed reactant; consequently,
[O,] increases (formed from H,O in the reverse reaction).

d) Add sulfur S() no effect (pure solid; not in Q); consequently, [H,S] unchanged.

e 5 (Si02) del G Jeldill ailasll aal and crla ) (38 Jsa Al 30 B 18-10
1150°C &)l s 4a 0 i (HF) O soved) 258
SiOz(s) + 4HF(g) = SiF4(g) + 2H20(g)
elall (e 4aaS Ailia) die (b) (HaO(g) o=l 2ie () Al c¥A A [SiF,] e <l St L
Exercise 8-10: In a study of glass etching, a chemist examines the reaction
between sand (Si0;) and hydrogen fluoride at 150°C:
SiOz(g) + 4HF(g) = SiF4(g) + 2H20(g)
Predict the effect on [SiF4] when (a) H2O() 1s removed, (b) some liquid water is
added, (c) HF is removed, (d) some sand is removed.
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The Effect of a Change in Pressure (Volume) (P gf) Tl B ) il
Laall (585 3)) .l e Gt ) ) ) Aakadl e 1508 ) 53l ezl 8 ol el i o oSy
byl Gaad o Ky (Bleaidl ALE e LY Llall o sl g i) sl e o sana 5l Jpiza 5l
19k axy baruall
Changes in pressure can significantly influence equilibrium systems that involve
gases. (Pressure has little to no effect on liquids and solids because they are
almost incompressible). Pressure variations can occur in several ways:
ARl U gSal) aaf a8 5 puld e
O s e i el e 5k () 3 clin Sl ol kS b aiiendl s Ghiall (3ibai
¢ Changing the concentration of a gaseous component
The same logic used for concentration changes applies here, changing the amount
of a gas affects the equilibrium position.
(el B & La YY) Jeld & ddla) .
) dagraza s 3080 55 OV () 3V aage 8 i Y Jala jle Ja) old Gl AUl aaa By
¢ (Q) Y Ae & JaAll ) Leda ¥ eclly LN ABlaYl | i 050 i A el dlelaall
O e L S Y il
* Adding an inert gas (one that does not participate in the reaction)
When the system’s volume remains constant, introducing an inert gas does not
affect the equilibrium position, since the concentrations and partial pressures of
the reacting gases remain unchanged. In addition, the inert gas does not appear in
the equilibrium expression (Q), so it cannot influence the equilibrium.

Jeldil) ele R iRl e
& “—’J@‘Aﬂ‘ = Jﬂﬂ uﬁj ‘ubﬁ” e uic )-‘-‘S Sy dﬂﬂﬂ‘ ¢L°5 paa i iy u‘ u&u
. Changlng the volume of the reactlon vessel
Changing the size of the reaction vessel can greatly affect the position of
equilibrium, but only in reactions where the total number of moles of gas changes.
Let’s consider the two possible situations for the third way: changing the volume
of the reaction vessel.
G Ja O e (aidall o) anad) s il
Effect of Volume (or Pressure) Changes on Gaseous Equilibrium
.(n(gas))jb'd\ Y e 22k laie ]
PCls(g) + Clag) = PClsg -G
jL'c 2 mol = jL'cl mol
PC15L)AJ.I‘)AS‘L}}SAGCJ\)J\)MM}‘JM‘L_?LU‘)AL)AJE‘JJQ‘;QLs Lr'j\
1. When the number of gas moles (n.s) changes.
Example: PCls(g) + Clog) = PCls(g
2 mol gas = 1 mol gas
If the volume of the container is reduced to half, the pressure doubles. To counter
this disturbance, the system shifts toward the side with fewer gas molecules. here,
toward products, forming more PCls.
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Mathematically: Ll
[PClg]

©  [PCL][Cly]
& Qo < Ko Jaany Lo el 380 55 <l all b gan Caelatia «ciaill L pUaill s mdd die
OV Al dlaiad s el olat¥) 8 Jeliil] oaey GlIA 283
The volume is reduced to half, gas pressure and concentrations double, In the Q
expression, making Q. < K.. The reaction therefore proceeds forward until
equilibrium is restored.
(Ngas) Ol Y e ey Y ladie 2
. Hz(g) + Iz(g) = 2Hl(g) :Jle
Tl e anall il s 55 130 Gl &Y ge (g 20l i e (il 5 ging cdllall sda b
OV aamge 8 2l il sl Canay D ¢ da jall iy Gl
2. When the number of gas moles a5 does not change.
Example: Hagg) + Iz = 2HI
Here, both sides have the same total moles of gas, so volume changes affect
numerator and denominator equally — No shift in equilibrium position.
pnallbinll e e K, e 5 Y 130 ¢ S 3 15,85 Ul anall a5 323
Volume change is effectively a concentration change, so K. does not change with
pressure/volume changes.

S (3 gl 5F) Balal) AsaS 33 31 A CSLeliil) (pa JS aaa uid (Sar CaS 111 Jlia
Example 11: How would you change the volume of each of the following
reactions to increase the yield of the product(s)?

a) CaCO3(S) = CaO(S) + COz(g)
b) S + 3Fag) = SFe(g)
¢) Clyg) + Inig) = 2IClg
a) CaC03(S) = CaO(S) + COz(g)
0 mol gas = 1 mol gas
Y e e S ase e (g sing sl qulall ) 53 Jeadi ) (355 (COn pali] ) anall 334 5
sl e el 0389 Cpad) gai Jeldill ) 5 el
Increase volume (or remove CO:) to favor the side with more gas moles, then
shift right and more product.
b) S(s) T 3F2() = SFe(y)
3 mol gas = 1 mol gas
Jelail) #) 3id Sl ¥ se (e il aae e s ging o) cailall Gl 3V Jucadl ) (5250 anal) Js
s 0385 0l s el g
Decrease volume to favor the side with fewer gas moles and shift right with more
product.
c) Clyg) + Ixg) = 2ICl g
2 mol gas = 2 mol gas (no change i ax 5 Y)
5 0039 el 5 g il 0 Y1 g le i Y Jakaall sl s
Changing volume/pressure has no effect on equilibrium position, thus product
yield unchanged.
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Exercise 8-11: Would you increase or decrease the pressure (via a volume

change) of each of the following reactions to decrease the yield of products?

a) 2802g) + Oa(g) = 2805y

b) 4NH3(g) + 50, = 4NO(g) + 6H20)

C) CaC204(s) = CaCO3(s) + CO(g)

The Effect of a Change in Temperature Bl al da ja A paal) il
K. 5 O ulb 5l :&9)4 \),3313

3 adlda o old ) allda 5o gl Jaxazall 5 58 il 8 yiaal ciSadd) BN @bl kYl G (e
(K) O Y i e ad ) s Lo

PC13(g) + Clz(g) = PCIS(g) AHyn=—111KkJ ) Zg‘;uﬂ\ | )-LLUS
M) BJ\)J Lala G...&J\ Jelatl) LA-LU ‘(BJ\JA é;.ia:\) SJ\JAM ]AJU: G.ALA\}“ Jeladl) ué
(o~

A =B +Q il by ss (Q)slall dilege 13)
(G..&d\ b@‘ﬁ\)ﬁ)\ﬂuaw\ cw\}“d:'aé;gmc'é)\);dyzéﬁj\)ﬂ\:&;)dcjj
(oY) elaiV 1) 5yl yall syl slas¥) (i) L 63 ) J) 355,50 all da 0 (méd dic
Qe = Ko 05 0l 31 e
cadaill 3 ) ja Adlia) Jalad 3 ) adl da 5383k ) (8 «(PCls nsS8 Ji) 3)) jall 32 jUall @)l ledl)
JIE) Lo 6200 30 5l all (aliaiel ((ouSall olai¥l) 51 sall palall olai¥) gai Jelall asdy Gl
a1 el anid i pall Aa s (mit i el ey K, el pmitdy gl S5
K dad 5o 2 55 PCls 0 23l Waiia (3)all 3 all) (el
Effect of Temperature on Equilibrium and K.
Among the three possible disturbances—changes in concentration, pressure, or
temperature—only temperature changes alter the equilibrium constant (K).
Consider the reaction: ~ PClsg) + Cla) = PClsgy  AHpn=—-111kJ
The forward reaction is exothermic (releases heat), while the reverse reaction is
endothermic (absorbs heat).
If heat is treated as a component of the system: A =B +Q
Raising the temperature adds heat, favoring the endothermic (reverse) direction.
Lowering the temperature removes heat, favoring the exothermic (forward)
direction.
At equilibrium, Q. = K.
In exothermic reactions (like the formation of PCls), increasing temperature is
equivalent to adding heat, so the equilibrium shifts toward the endothermic
(reverse) direction to absorb the excess heat, decreasing product concentration
and lowering K.. Conversely, decreasing temperature favors the forward
(exothermic) direction, producing more PCls and increasing K.
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In summary:
For endothermic reactions (AH;x, > 0): increasing temperature rises K.
For exothermic reactions (AHx, < 0): increasing temperature lowers K.
Sl (0 K K ol 3 s e 0 3 5 Lo ) al i 2 il i S 112
eaalul)
Example 12: How does an increase in temperature affect the equilibrium
concentration of the underlined substance and K for each of the following
reactions?
a) CaO(S) + HzO(l) = Ca(OH )2(aq) AH®=- 82 kJ

b) CaCO3(S) = CaO(s) + @Z(g) AH° =178 kJ
c) &g(g) = S(S) + Oz(g) AH®=297 kJ

a) CaO(S) + H20(1) = Ca(OH )2(aq) T heat
K dad Jii 5 [Ca(OH)2] J:S 5 pataiy aie  lull gad dady allaill Jrad s ) all 4l
Adding heat shifts the system to the left: [Ca(OH),] and K will decrease.
b) CaCO3(S) + heat 3)) a2 CaO(S) + @;(g)
K Aad 0l 35 [COL] 5aS5 ala Waie (el gai dady allaill Jaad s ) jall Al
Adding heat shifts the system to the right: [CO;] and K will increase.
C) &;(g) + heat = S(s) + Oz(g)
K Al 22 355 [SO2] 5SS 58 padddhy ladie (el sty alaill Jaadi s )] jal) ddlia)
Adding heat shifts the system to the right: [SO;] will decrease, and K will
increase.
i o g haa Lgiag l salall el lacall e 50 jall da o Galisil iy (i 18-12
) ) AN i) (he JS 3 (K) o) V) el
Exercise 8-12: How does a decrease in temperature affect the partial pressure of
the underlined substance and the value of K for each of the following reactions?
a) C(graphite) + Zﬂg(g) = CH4(g) AH°=-275Kk]
b) Na) + Oz = 2NO(y) AH®=181kJ
C) P4(S) + 10C12(g) = 4P_Cl§(g) AH° =-1528 kJ

da ) aie K=96.2 Qg é—ﬂ ‘PCls(g)+ Clz(g) = PCIS(g) OV Y e ‘;Jlﬂ\ Jelall 113 Jla

400 K 5_)_al)

O S5 ) [Cl] = 0.07 M 5 [PCL] = 0.50 M b LS o) 5¥1 380 5 cal< 13 ]
PCls 4

355 ) 5l pall a3 i die [PCL]o = [Cla]o = 0.14 M A8lai¥) 380 ) cul< 1y 2
PCls 4 o155
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u)\.cw amdaj\ ).\S\).\M t_u.n;\ 6(2) onsJ\ ‘:A u\‘).t\)“ L.AA ‘;\ PC13 e 0.0500 M 43\..4\ die 3
O e 5

51 Gl ¢(3) a0 b )Y Ik e PCls (e 0.0300 M L laie duaS iy 51 13 4
VY die ) gall g Bl latall Banaal)
Gl Je@ll K, o) 39 i sl 5
[PCl3] =[CL,] =0.0333 M, [PCI5]=0.1067 M :e JSI SIS 1) 6
400 K AAJJ die L;SM M\} AJJAAS\ MJ;J\ L);uaj\ &_Lux;\ lUaxall ‘).\S\‘).\j\ ?‘Mh (a
Aaall di 2ie 4,00 atm ) L;S]\ Lzl (aless) ) L;.J\ eu:ul\ Lg @l ylaial ¢haa 1) (b
u\).!Y\ e a.lg.l;]\ MJ;J\ LM\ &_b..»;\
Example 13: For the equilibrium reaction, PCls(y) + Clzg) = PClse) The value of
K. =96.2 at a temperature of 400 K.
1. At 400 K, the equilibrium concentrations are [PClz] = 0.50 M, and [Clz] =
0.07 M. Calculate the equilibrium concentration of PCls.
2. If the initial concentrations are [PCl:], = [Clz],= 0.14 M at the same
temperature, calculate the equilibrium concentration of PCls.
3. When 0.0500 M of PCls is added to the equilibrium mixture in item 2,
calculate the new equilibrium concentrations of all reactants and products.
4. 1f 0.0300 M of PCls is removed from the equilibrium mixture in item 3,
calculate the new equilibrium concentrations of the reactants and products.
. Calculate the equilibrium constant K, for the above reaction.
6. If: [PCl3] =[Cl2] =0.0333 M, and [PCls] =0.1067 M
a) Using the given concentrations, calculate the corresponding partial
pressures and the total pressure at 400 K.
b) If a disturbance reduces the total pressure to 4.00 atm at the same temperature,
calculate the new partial pressures at equilibrium.
1. Given: [PCls]=0.50 M, [Cl2] =0.07 M find [PCls].
[PCls]
© [PCl5][Cl,]
[PCls] =96.2 (0.50)(0.07) =3.37M

2. If the initial concentrations are [PCls]o = [Cl2]Jo = 0.14 M

W

State PCls Cl: PCls
I 0.14 0.14 0
C —X —X +x
E 0.14—x 0.14—x X
X
x=0.106
Equilibrium concentrations: tOI YD) 5aS)

[PCL:] = 0.034 M, [CLz] = 0.034 M, [PCls] =0.106 M
3. When 0.0500 M of PCls is added to the equilibrium mixture in (2)
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State PCl; CL. PCls
| 0.084 0.034 0.106
C —X —X +x
E 0.084—x 0.034—x 0.106+x
[PCls] 0.106 +x
Ki=————==962=
[PCl:][ClL] (0.084 —x)(0.034 — x)
x=0.0155

[PCL] = 0.084 — 0.0155 = 0.0685 M
[CL] =0.034 —0.0155=0.0185 M
[PCls] = 0.106 + 0.0155 = 0.1215 M

4. When 0.0300 M of PCls is removed from the mixture in (3)

State PCl; CL. PCls
I 0.0685 0.0185 0.0915
C —X —X +x
E 0.0685-x 0.0185—x 0.0915+x
0.0915 + x
96.2 =

(0.0685 — x)(0.0185 — x)
x = 0.0034
[PCls] = 0.0685 — 0.0034 = 0.0651 M
[CL] = 0.0185 — 0.0034 =0.0151 M
[PCls] = 0.0915 + 0.0034 = 0.0949 M

5. Calculate K, PCls(g) + Clzx(g) = PCls(g)
An=1-(1+1)=-1

C

K, =K RTA“—K
p— c( ) _ﬁ
96.2 96.2

K, = = = 2.93
P~ (0.0821)(400)  32.84
6. Given: [PCL] =[Cl.]=0.0333 M, [PCls]=0.1067 M, T =400K
a) Calculate partial pressures and total pressure (A< bxall 3 435 jall L gracall il

Pi = CiRT

Ppci, = 0.0333 (0.0821) (400) = 1.09 atm

P(Clz) =1.09 atm

Ppcy, = 0.1067 (0.0821) (400) = 3.50 atm

Piotar = 1.09 + 1.09 + 3.50 = 5.68 atm

b) Pressure ratio: il ds

4.00 0704
568

(el 8 L (gl g o J8) 00 0,704 Ll o3 (8 48 5a ) Ja gaall a0 jum oy
All partial pressures scale by 0.704 initially (before shift):
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Ppci,=1.09 x 0.704 = 0.767 atm
Pc, =1.09 x 0.704 = 0.767atm
Ppci;=3.50 x 0.704 = 2.46 atm

PCls(g) + Clz(g) = PCIS(g)
ol (sl bl s ) 5 Jelaill o ol Glall by 3a e ST aae (685 Jlad Jaal) (alids|

ke Ll
Decrease in pressure favors more gas molecules, then shifts left.
Let shift be x for reactants: X = Aleliall o) gall 74 33V 138 lagal e )il
State PCl; Cl: PCls

I 0.767 0.767 2.46

C +x +x —X

E 0.767+x 0.767+x  2.46—x

(2.46 — x)
K, =293 =

(0.767 +x)(0.767 + x)
x=0.102

Ppci, =0.767 +0.102 = 0.869 atm

Pci, = 0.869 atm

Ppci, =2.46 —0.102 = 2.36 atm

The Lack of Effect of a Catalyst SRl Jalad) 8l ase
£ Jrag 4l Jiny Laa ol 38U ads 3y 5k oo el Jelaill g i sale s jaadll Jalall
& S ) 339 ) i) Jaay 130 ¢ ) paiiy el 5 el Jolaill g 50 s 5 Jgsl e il
s WS a0 )Y die il sl ) cSle Ll s O st (50 O Y pada se R «lld g
A catalyst is a substance that speeds up a chemical reaction by lowering the
activation energy, meaning it makes the reaction easier to start. It accelerates both
the forward and reverse reactions equally, so the system reaches equilibrium
faster. However, the equilibrium position remains unchanged because the ratio of
reactants to products at equilibrium stays the same.

ol Ales _Jelantt ‘_;.Ld\ g dall jLad)

Choosing the Optimum Conditions for a Reaction- Haber Process
Industrial Production of Ammonia L gadUd Slial) )

N2 + 3H2 = 2NH3 AH=-91.8 k]

3 sall cila 5o OS5 (L oY) g oS8T Allad) o gicall g dcadaiiall 5 ) sall Cila oyl Alae (il
cﬁJfLM}4SOOC J\Pé"SL;MSJ‘P:\AJ‘JJQA\?Eﬁ RGN d&bﬂ\hﬂ@‘\mﬁ&d\
deldill de g 250 pall s ) 58 (33231 200 atm <
The Haber process favors low temperatures and high pressures for ammonia
formation, but low temperatures slow the reaction. Therefore, an optimum

temperature of about 450°C and a high pressure of about 200 atm are used to
achieve a good balance between yield and reaction rate.
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Problems Jilwa

(8-1)

Choose the correct answer daaaall AlaY) yial
ol Jas A + B2 C+ D s yallajdall o 390 Jelal Jelitll cile o i as L]
. . " . ..n_.’ d;w

1. How the reaction rates change if the equilibrium of A + B & C + D exothermic
reaction are disturbed by heating?
C+D—>A+Bdelll Jeldlllde juJsigA+B — C+ D Jelall Jeldll de yuala 5 (a
a) The reaction rate of A + B — C + D reaction increases and the rate of C + D —
A + B reaction decreases.
e KM C+D 3>A+BsA+B > C+D cplelall Mae juabay (b
b) The reaction rates for both A +B — C+ Dreaction and C+D — A + B reaction
increases equally.
C+D—>A+Bdelill ge 18I S A+B— C+Ddelillde juab3 (¢
c¢) The reaction rate of A + B — C + D reaction increases more than C+D — A +
B reaction.
C+D—>A+Bdelall e dil KA +B— C+Ddelillde jualayi (d
d) The reaction rate of A + B — C + D reaction increases lessthan C+D —> A + B
reaction.
C+D—>A+Bdelall Jelélllde juahig A+ B — C+ D Jeléll Jeldill de ju (a8l (g
e) The reaction rate of A + B — C + D reaction decreases and the rate of C+ D —
A + B reaction increases.
O siaall 0 5630 cpom 5 ymell e an sl pall s U IS Jeliy ¢ o S 2l Ul o iy _adll 5 .2
i 259 (S 400°C 2ie
2. It is known that carbon monoxide reacts exothermically with hydrogen gas to
form methanol at 400°C, in the presence of a catalyst.
CO(g) + 2H2(g) = CH3OH(g) + heat
ookl B sl sles (B Jslialls Cansonel Sl 0 S SIS P Ll s oy
u\JL.\aJ\ (e 951.3 «450°C ‘_A\ Jeladll BB :\.;JJ Prrt ki éﬁ \J\ u\).ﬂ“ GJ\ d).a.éjﬂ ode ) :\.SJAAJAJ\
fiainaa 400
A mixture of carbon monoxide, hydrogen gas and methanol placed under
conditions described above achieves equilibrium in a closed container. If the
reaction temperature is changed to 450°C, which of the following statements is
correct?
sle sl by jall dlea¥) ol paly (a
a) The total number of molecules in the container decreases.
A AnSal) 5 Al ol lail) S Jeladll cile yu 35 (b
b) The reaction rates of both the forward and reverse reactions remain constant.
g ) g all A jal) AL Lo i S8y (c
c) The average molecular mass of the gaseous mixture decreases.
sl JlaSde ju ol 35 ladn cpa g gl nsSide yu JS5 (d
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d) Rate of formation of hydrogen decreases while the rate of decomposition of
methanol increases.
ele gl Jala ‘BASS\ brall asdiy (e
e) Total pressure inside the container decreases.
(8-2)
(O 413 x 107 K Aaf (585 ddima )l a da ) e (a
a) At a certain temperature. K, is 4.13 x 107 for the K., for the equilibrium:
2IBrg = Iag) + Brag ;
G5 G i TBrg Adlaal 3ok e odled 5 51 jall da y vie (531 W Jsea gl o5 38 43 om sl
¢ 0.0124 moles/liter IBrg xS 55 O 131 () 53 2ie Brygg) 5 Iy 585 L Jelid)
Assume that equilibrium is reached at the above temperature by adding only IBrg,
to the reaction flask. What are the concentrations of I5) and Bry,) in equilibrium
with 0.0124 moles/liter of IBr)?
€018 J sa sl 38 [Brg) 4 &Y 38580 L (b
b) What was the initial concentration of IBr before the equilibrium was reached?
(8-3)
> 38.8% <lSéh dua (700 °C 2 1.00 L 4eas cle 5 A ) = 0.924 mole a5 o
OV 3N J a5l
0.924 mole of A, 1s placed in 1.00 L container at 700 °C, where it 1s 38.8%
dissociated when equilibrium was reached.
3A@ = 5B +2Cy
5 all da jo (udi aie K o) 51 culli e e
What is the value of the equilibrium constant, K., at the same temperature?

8-4

el 3 25 I 833050 Ul 3580 ) S e 508 slae 8 S22 S uﬁg s

LaadiS 56130 s S3* o383 O Y culip (12 s S5 o33 o) 331 s 13Sa 5 S,%, S3%, S4%

S 5 SpF 0S5 LI U idad L S 5 ST e 0sShy

Sulfide ion S* in alkaline solution reacts with solid sulfur to form polysulfide ions

having the formulas S,*", S;*7, S4*7, and so on. The equilibrium constant for the

formation of S»*~ is 12, for S3?~ is 130, and both are formed from S and S*“What
is the equilibrium constant for the formation of S;*" from S,> and S?
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(8-1) 1 2
d c
(8-2) 2IBr (g = L + By
1 Y 0 0
C -2X +X +x
E 0.0124 X X
a) Y-2x=0.0124 M
K= [Br:] [L2] / [IBr]? = x¥(0.0124)*= 4.13 x 10
x=2.52x10°M
[Br] =[] =2.52 x 103 M
b)Y -2x=0.0124
Y=0.0124 +2 (2.52 x 10'3) =0.0174 M
8'3 SN
(8-3) 3A) = 5B+ 2Cy
I 0.924 0 0
C -3x +5x +2x
-0.329 5x0.1195 2x 0.1195
E 0.924-3x=0.5655 5x=0.5975 2x=0.239
3x=0.924 x 38.8%=0.3585 —» x=0.1195
__[BIP[C]? _(0.5975)%(0.239)? _
Ke == Ke = = sesmn = 0-0241
(8-4)
(1) S* + S5 = S2> Ki=12
(2) S+ ZS(S) = S K, =130
(3) So2 + S(S) = S5 (K(3): ?)
Ke = 2 = 20 083
® =k, ~ 12
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EXCERCISES ANSWER <l sl alils)
(8-1)
[NO,]*[0;] [CO,]3[H,0]*
D Q=0 2 Q= einio.r
(8-2) <
Add (1)-(3) (3-1) Yabaall pany
Hz(g) + Brz(g) = ZHBI‘(g)
Write each Q.: el I Q, S|
B [Br]? _ [HBr][H] _ [HBr]
R = oy 3 = (B T e
[Br]*_ [HBr][H]. [HBr] [HBr]
Qc1Qc2Qc3 = ( )( =
[Br,]” " [Br][H,]” "[H][Br]”  [Br,][H,]
From the overall reaction: Hag) + Bra) = 2HBr( S Jelall e

Q _ [HBr]?
c,overall [HZ] [BI‘Z]
Qc, overat = Qc1 X Qc2 X Qcs

(8-3) s

An(gas) =1-2= 1

K, =K. (RT)(An(gas))— —<
RT

R =0.08206 L-atm'mol **K™' and T =500K
RT = (0.08206)(500) =41.03

67
K ~ 0.0407
P~ 41.03
(8-4) s
(X = orange )&, Y = green »=3l; K, = 1.4, Q. = [Y}
Sl e e e A il | o) Y () J a6l olaaY)
MGi—th re Number || number Q. |Compare to Direction to reach
Y of (X)) | of (V) K. equilibrium
B Right o) (form more
1 9 3 |39=033] Q<K ¥ S s U
_ _ No change s Gy
2 : T 7TA] QTR at equilibrium o 51 e
_ JbdlLeft (form more
3 4 8 |84=20| Q>K X 81 Ji b
(8-5) s
P P 0.24)(0.47
Q = CHsCl FHCI _ (0.24)(0.47) ~ 248
Pen, P, (0.13)(0.035)

K,=1.6 x 10*=16000 (Q,=24.8) K K,
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. Cl2 5 CHa <Plgin) st i (HCI g=) CH3Cl ¢3S (@85l (p sSS
The mixture has too much reactant relative to product, so the reaction will
proceed to the right (toward products), CHsCl is forming (along with HCI); CHa

and Cl. will be consumed.

(8-6) wux

State NO O: NO:
| 1.000 1.000 0.000
C -2X -X +2x

E 1.000 -2x 1.000 - x 2x
P, e = 1.000 —x =0.506
x =0.494
Po, e = 1.000 — 2(0.494) = 0.012 atm
PNos, e = 2(0.494) = 0.988 atm

Py )2 0.988)2
L= (NSZ) — ( _ ) ~ 1.34 x 10%
(Pvo)? (Po,) ~ (0.012)2 (0.506)

K

(8-7)

K, = K. (RT)n(e)
Angs=(1+1)-2=0
K, =K¢=2.3 x 10%

K. = PNZPOZ = Pyo = PNZPOZ
P (PNO)2 Kp

0.781)(0.209
PNO = \/( )( ) ~ 2.7 X 10_16

2.3 X 1030
(8-8) wu
Il = 2.50 mol 0242 M
[Hl]o = 10.32L
State HI H: L
| 0.242 0 0
C -2X +x +x
E 0.242 — 2x X X

[H][I2] _ x?
[HI]2 ~ (0.242 — 2x)2
x~8.03x 103 M
[H2]eq,= 8.03 X 103 M

=1.26x 1073

K. =

(8-9) <u,x

lo(g) + Hag) = 2Hlg)

Sy K dazall

a) Total Initial Pressure
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nRT

TV
N total, initial) =0.5+0.5= 1.0 mol
0.5 x0.0821 x 721

P(Hz) = P(Iz) = 10 = 2959 atm

Py =Panyt Pay=2.959 +2.959 = 5.92 atm
Pressure at Equilibrium O Y e Jaraall

Ha(g) + I2(g) = 2HI(g)
State H: (atm) I.(atm) HI (atm)

Initial (I) 2.959 2.959 0

Change (C) —X —X +2x

Equilibrium (E) 2.959 —x 2.959 —x 2x
(Pur)? (2%)?

Kp = (Py,)(P,)  (2.959 — x)(2.959 — x)

x =2.307 atm
Equilibrium Partial Pressures OV aie 43 all L graall
Pa) =2.959 —2.307 = 0.652 atm
P(Iz) =0.652 atm
P(HI) = 2(2307) =4.614 atm
Total Pressure at Equilibrium Gl aie S dasall
Potal, e = 0.652 + 0.652 + 4.614 = 5.92 atm

(1+122) An (g = 0 0¥ sy ol KU Jauzall (o JaaY
Note: total pressure unchanged because Anggs) =0 (1 +1 = 2).

¢) Moles at Equilibrium O Y die Y gall dae
PV

nzﬁ

v 10 B
RT 0.0821x 721 59.241

Ny = 0.652 x 0.1688 = 0.110 mol
ng) = 0.652 x 0.1688 = 0.110 mol
nun = 4.614 x 0.1688 = 0.779 mol
Unreacted L» at equilibrium ¢ 3 xie delaiall jue 5 0ll &Y g0 23c = (0,110 mol

= 0.1688

(8-10) <

Sioz(s) + 4HF(g) = SiF4(g) + 2H20(g) Sioz(s) + 4HF(g) = SiF4(g) + 2H20(g)
SiF,][H,0]? :
= BIFalll0] o _ [SiFLJ[H,0]°
[HF] c [HF]4
(Note: the solid S10,) does not appear ) o _ .
in Q or K). (KQ & e ¥ SiOy) ol BaY)
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a) Decreasing HxO(y): shifts right — | «— Gaal sa0 0 5 4s% - HyO() 0=l (a
[SiF4] increases. [SiF4] 212
b) .A'dd.mg H>Oq): does not affect | | ., S e 5 Y 1 HaOp Al (b
equilibrium — only gaseous H:0 K, ol 5% HyOp ol s

. C = g -

counts in K.
¢) Decreasing HF: system shifts left to | o=smil sl s pUaill assy - HF galfil (c
replace removed reactant — [SiF4] [SiFa] omiis < lgivall Jeliial
decreases. . ' sale) Lils o Gany :Si0n(s) U=l (d
d) .Decrea.smg SlOz(s.): no effect (pure | ., [SiFa] i < Q o Jas Y ikl iles
solid; not in Q) — [SiF4] unchanged. e

(8-11) &

a) 2502, + Oz2g) = 2S05(y) 3 mol = 2 mol

Left = 3 mol gas, Right = 2 mol gas — to shift left: decrease pressure
(increase volume). (Pl 3L 31 ol Jascall (laas) ¢ jlaall gas ol 3V A
b) 4NHs(g) + 502() = 4NO(g) + 6H20y 9 mol = 10 mol

Left = 9 mol gas, Right = 10 mol gas — to shift left: increase pressure
(decrease volume). (paadl (s sf) Jaxazall 2L ) Sland) gai () 30 A
C) CaC204(S) = CaC03(S) + CO(g) 0 mol = 1 mol

Left = 0 mol gas, Right = 1 mol gas — to shift left: increase pressure (decrease
volume). (eaal\ Clatl j\) Larall aba ) Hlaad) a3V At

(8-12) s

Ladie Gl (3 )) ya (sllat (21 551 jall a jUall olas¥) Jiadh (| T) 0ol da ja (alédd) (sacal)
K8 AHO >0 Laie 3 K ala 3 AH® <0

Rule: | T favors the exothermic direction. Thus, for AH® <0 — K increases; for
AH° > 0 — K decreases.
a) C(s) + 2Hz(g) & CHa(g), AH® = =75 kJ (exothermic 3_) sl 3 jUa)

K A 21335 LS «CHa 3 al daiall 313305 ¢l sai Je il 4o
— Shift right. Partial pressure of CHa4 increases; K increases.
b) Ny + Oze) = 2NO(g), AH® = +181 kJ (endothermic 3, sl sale)

K daf (2iaii WS (NO J () baxacall (it g ¢ jlund) gad Jelail) 4aiy.

— Shift left. Partial pressure of NO decreases; K decreases.
C) P4+ 10Cl2g) = 4PCls(g), AH® = —1528 kJ (exothermic 3l yall a )

K A oy 33 LS (PCls A Soadl lasacall ala g ecpaddl gad Jelddl) antu
— Shift right. Partial pressure of PCls increases; K increases.
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ol Acids, Bases, and Salts
Acid and Base Concepts ) gl g Ui gand) aralia

Sai sl iy padall Jie Adapn paibiad JMA (e Yl el 5 G ganl) e Caaill o

)A\wm\,ﬂ\Jmm‘f;w‘;\wﬂtw\tud”dﬁj&umwua,ﬂg\
J3a% Ca pallial gidl) Jia il <) o Wi 55 e 3550 () s el g1 355 I3 s
c,qqc\)d\j uay;j\ dal.m qujjl\ u,m ‘:J\ qc\)sl\ ‘dj;_ml.m.u‘ujﬂ\ ?"r’ Q:J\ ‘LIJSUA}AAM

.u:‘%JJJ:‘KJ‘
Acids and bases were first identified by simple properties such as taste and color
change. Acids taste sour and turn blue litmus red, while bases taste bitter and turn
red litmus blue. They also affect indicators like phenolphthalein, with acids
turning it colorless and bases turning it pink. Acids and bases neutralize each
other to form salts, and acids react with active metals such as magnesium and zinc
to release hydrogen gas.

Arrhenius Concept of Acids and Bases o) g8l g Lia gaadl L gaiaa p9gda

(H30" (g o5 ssued) sl JSE (e aa 53 3 HY O 5 sl (ol (anal) i ¢ Sl J sl
538 (S Awadl slal) o h LS OH(nq) 2S5 3edl (sl S i 33l ) mum A (5 L
<l g
In aqueous solution, an acid donates H*, which exists as HsO*(,q), while a base
increases OH (5q). Also, Water forms these ions.
H20) + H20¢) = H30(aq) + OH (5

5 H30" daiia ol 3 LIS Gls NaOH Jie 2 5l) e il s HCIOs Jie &5l (ia sanll ol
e el b i ge 58 LS OH-
Strong acids like HC1O4 and strong bases like NaOH completely ionize in water,
producing H:O* and OH™, as shown in reactions such as:
HClO4(aq) + H20(1) — H30+(aq) + C104'(aq)
NaOH(aq) — Na'uq) + OH_(aq)

Weak a01ds such as HCszOz, ionize only partlally ina rever51b1e reaction:
HC:H50: + H20(1) = Hs;O* (aq) T C:H302 (aq)

Al A g1 Aalaall 4y 83008 5 (5 68 Gman (g Joladill eSS ppan aif
All strong acid—strong base neutralizations follow the net ionic equation.
H30+(aq) + OHf(aq) — 2H20(1)

H <lisil e dse JS1—55.90 kJ W a5 ) s 3l
releasing heat —55.90 kJ per mole of H*.
38 OH™ 2S5 nell Osal i s Alall Jllaal) o Lo Galaiy 43 3 g3n0 (s )l sea (S15
Aaclal al 1) el 3 gl g )
However, the Arrhenius concept is limited because it applies only to aqueous
solutions and treats OH™ as the only base species.
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Bronsted—Lowry Concept of Acids and Bases
Lol 3ac @l 5 ((H*) 058 5al) peile adly Gmaal) <1923 ale 4 51 gl (55 5Y 5 Xisi 5 33 a sgba iy
rde il (8 (Jaall dus Ao 055 5ll Al
The Bronsted—Lowry concept, proposed in 1923 by Brensted and Lowry, defines
an acid as a proton (H") donor and a base as a proton acceptor. For example, in
the reaction:
H30+(aq) + NH3(aq) = H20(1) + NH4+(aq)
128 (3akaty Baclll g4 NH; 5 aeall 8 H3O* dasy b «<NH; ) H3O* Ol (e s s iy
(ool & Jelall Jie dpla) ye Tl g1 3 Wyl o sgidll
a proton is transferred from HsO* to NHs, making HsO" the acid and NHs the base.
This concept also applies in non-aqueous media, such as the reaction in benzene:
HCl(benzene) + NHs(benzene) = NH4Cly)
NH; J G350 HCI ey San
where HCI donates a proton to NHs.
Jeliill 8 jeda LeS ccplat¥) SIS b i gal) JH iy el e il
In reversible reactions, proton transfer occurs in both directions, as seen in,
NHis(aq) + H20¢) \_—‘ NH4"aq) + OH (ag)
9 OH 5 (aeall g8 NHab 058 Lain ¢ el olaiV) (8 Liaas ¢lall g 32218 NH; 055 s
(Sl a3y L sacal
where NHs 1s a base and H-O is an acid in the forward direction, while NH4" is
the acid and OH is the base in the reverse direction.
NHa" & Gum canly (5555 alisg Legd () yiie s2eB-gmes 755 NHs 5 NHa* e IS By
NH4+ 34 i) saclall «* NHs s NHs Ol (aesll 54
NH4" and NH; form a conjugate acid—base pair because they differ by a proton,
with NH4* as the conjugate acid of NHs and NHs as the conjugate base of NHa".
s aas o (S Y (amphiprotic) Osis sl e (e s (sl pLal) LeiSay 3 gall (ians
&8 830 liS Jamy 4 OH e (20aS HCO5™ Jerg «Jliall Jass (o Je i) caea Ui 5 3 asiSS
Jariy «Jeliill (A NH; go aeaS Jand S dliadl 55 all Lkia sala lal) 323 LS HF 2525
HC:H30:2 g= daclaS
Some substances can do both, and these are called amphiprotic because they can
lose or gain a proton depending on the reaction. For example, HCOs™ acts as an
acid with OH™ but as a base with HF. Water is also amphiprotic, acting as an acid
with NHs in the reaction, and as a base with HC:H;0O..

= S
NH;(aq) + (ﬂ):O(/) = NH,"(aq) + OH (aq)
base acid acid base

‘(@5621{30:(!1(/) + H?O(uq) = (C,H;0, (aq) + H;O(aq)
acid base base acid
208 5 y0el) sl o e Y 20 8 Y Gt psede (s gosl (g sV s g 5o 23
G Aae el dumead) OOle il g ol ja gl <l gl e g8l g (i gand) (S5 ) (S g oJatd QH-
Ehlie mlhias Ll 32cUS § (aeaS dead o (Sa g8 (s dailal dalladdl 3a4e
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The Bronsted—Lowry concept is broader than the Arrhenius concept because
bases are not limited to OH™, acids and bases can be ions or molecules, reactions
are not restricted to aqueous solutions, and some species can act as either acids
or bases. The term amphoteric is more general and refers to any species that can
act as an acid or base, such as aluminum oxide, which is not amphiprotic because
it has no protons.
Aaild gl 5l 82al 4 yiiall de) g8l 5 i sanll 9.1 Jsaall (g
Table 9.1 lists the conjugate acids and bases of several common species.

g sl 4 yisall saclall g sl Ol (aeall
Species Conjugate base Species Conjugate acid
CH3COOH CH;COO” NH;3 NH4"
H>O OH™ H>O H;O"
NH3 NH; OH™ H>O
H>SO4 HSO4 H>NCONH:» H>NCONH;3*

Al ) 58l 3as 4 yiall ac) g8l 5 (ym saad) 19 1 Jsaall
Table 9.1: Conjugate Acids and Base of Some Common Species
Example 1: :1 Jha
A ia gaall 5 5l se ) i) faa ST 1
1. Write the formulas for the conjugate bases of the following acids:
a) HCN, b) HCOs5, ¢) N2H5+, d) C,HsOH, e) HNOs
Al 2o 8l 4 yRall (a seall fa S 2
2. Write the formulas for the conjugate acids of the following bases:
a) C2H302 , b) HCOy3', ¢) CsHsN, d) NoHs™, €) OH”
aclall uaul\c\j)\ )@Ja\ omudwtytg\)mm&yd\um eddul) ¥aladll 8.3
A yisal)
3. In the following equations, label each species as an acid or a base. Show the
conjugate acid—base pairs.
a) HCO3_(aq) + HF(aq) = H2C03(aq) + F_(aq)
b) HCO{(aq) + OHf(aq) = CO327(aq) + Hzo(l)

Answers cillay)
1. a) HCN — CNf, b) HCOs; — CO327, C) N:2Hs" — N2Ha, d) C:HsOH — CszOf,
e) HNOs — NOs™

2.a) C2H302~ — HC:Hs0:2 b) HCOs™ — H2CO:s, ¢) CsHsN — CsHsNH*, d) N2Hs*
— N:2H¢*', ¢) OH™ — H20
3.

HCO:{(crq) +\‘®>F(crq) — @lj;():O;(aq} 4?14_{(:(/}
a) base acid acid base
scldll) F- 5 (HCOs < ouiiall meall) HoCOs < waesll 8 HF 5 saclall 8 HCOs™
HF/ F-s HCOs/H2COs %554l z) 5 5¥) (HF 4 i)
HCOs™ is the base, HF is the acid — H2COs (conjugate acid of HCO:") and F-
(conjugate base of HF). Pairs: HCOs/H2.COs and HF/F~.
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@CO;‘((:(/) + OH (ag) == COy* (aq) + @;0(!)
b) acid base base acid

o2l ) H>0 5 (HCOs™ 438l sac W) CO52 «—3aclall 8 OH 5 cpaeal) 8 HCOs™

H:0/0H 5 HCO3/COs> iyl #1535 (OH™ 4 ¢yidall
HCOs" 1s the acid, OH™ is the base — COs* (conjugate base of HCOs~) and H-0
(conjugate acid of OH"). Pairs: HCOs/COs* and H.O/OH".

Exercise 9-1: :9-1
For reaction: :Jelaill

H2CO3(aq) + CN_(aq) = HCN(aq) + HCO{(aq)
$obuall e 33 g gall B2 Gl yiall (aasll ga Lo 3aclaS gl (maaS e o8 IS Ciialy 58
label each species as an acid or a base. For the base on the left, what is the
conjugate acid?
Lewis Concept of Acids and Bases o) 58l g (& gaadl L of 2 ggda
o)y 0 sSAl g SSIY) (g B g3 ity (531 £ 5l adls anall Caad «GL N Lewis sl
Al 5l 03 (S0 i 5 ST (a5 i (30 5 iy ) e B2 ) 5 Loy gl
NH;de i Jie s s¥—Yiusi g 3 a sgde Wiyl L ply il Blelaill JaT | i shaiall 138 Jae)
Sl e B HO™ pssisoned) Gl e sl it Cus ¢ Sl Jslaall A HCT g
ousl 8B NH; 5 u sl Gaes 5850 Jrag Laa (H-N il (0 sSENH;3 e
According to G. N. Lewis, a Lewis acid is a species that accepts an electron pair
to form a covalent bond, while a Lewis base donates an electron pair to form such
a bond. This provides another perspective on reactions also explained by
Bronsted—Lowry theory, such as the reaction of NHs with HCIl in aqueous
solution, where a proton from HsO" accepts an electron pair from NHs to form an
H—N bond, making the proton a Lewis acid and NHs a Lewis base.

___ H H
| s ~ - .
H + N'H —— [H:N:'H
H H
electron-pair electron-pair
accentor donor

Jaiens ey ¢y 5 330 S Jamy 5 5 33 B 5 5 02 20u&Y ) 5ol xias «SO3 5 NaoO o Jelaill

sl paeas Jaay g iy = 55 SOs
In the reaction between Na2O and SOs, the oxide ion O*" donates an electron pair,
acting as a Lewis base, while SOs accepts the electron pair and acts as a Lewis
acid.

__7_77_7__‘.:6: P () -
0/3’+‘<;0—» OS‘O
bt 5 P
Lewis Lewis
base acid
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i s S 755 NHs i Gus ol AT Jla Wi gaY) aa (BFs) Qo) sl (D6 Jeld s
GJ) dﬁ% ‘u»ﬁ;l w=aa BF; u»a)j sacld NH; 5S¢ «BFs g_gﬁ CJ}J}.‘M 7’,).J é‘ BJAJ\
BN ikl o5& iy Sy
The reaction of boron trifluoride (BFs) with ammonia is another example in which
NHs donates its lone electron pair to the boron atom of BFs, making NHs a Lewis
base and BFs a Lewis acid, with the electron pair now shared to form a B—N bond.

'F B H :F

N TN/ N/
B—F: + :N—H — :F—B:N—H
. . \ S
'F H 'F H
Lewis Lewis

acid base
aseial B8y 30cl8 e &gl o Uil 5 shiy AI(H20)6* Jie satmall i) (3585 o LS
Jand Al HoO @l ya (e i g S )50 Adliials sl piaeaS I G gl Jany G ol
ol ac) 58S
The formation of complex ions such as Al(H20)s** also involves Lewis acid—base
behavior, as the metal ion acts as a Lewis acid by accepting electron pairs from
molecules like H>O, which act as Lewis bases.

AP" + ()(:t‘j—H) — Al(:i‘)'—H)(;H

H H
Lewis Lewis
acid base

o) a sgdal 885 30 clall 5 (manll 23a Al e\l d 22 Ja
Example 2: In the following reactions, identify the Lewis acid and the Lewis
base. a) Ag" + 2NHs = [Ag(NH;),]",b) B(OH)s + H.O = B(OH), + H'
Agt + 2:NH; =—— Ag(: NH;),"
Lewis Lewis

a) acid base

Lewis acid gu sl aes: Aghaccepts lone pairs bl e a5 ) i

Lewis base w5328 : NHs (donates its N lone pair to Ag")
(Agr I N e Bl e 7530 ziw)

b) B(OH); + H.O = B(OH)4 + H”

| i

O H ek
H—O:B + :0:H = |[H—0O:B:O—H| + H’

:c‘): ?

H H

Lewis Lewis
acid base

Lewis acid gu s o=aes: B(OH)s (boron is electron-deficient; accepts a lone pair).
() e B ) oy sl g piSIVL 88 5 ) sall)

Lewis base o 5! 3228 H,O (donates a lone pair to boron to form B(OH)y").

(B(OH)4 058 5o sll Loyl e a5 elall i)

Exercise 9-2: 19-2 G
At e ldll e JS (A pusl Bacliy (gl (aes 0]

1. Identify the Lewis acid and the Lewis base in each of the following reactions.

a) BF; + CH;OH = BF,-CH,OH,

b) O* + COz2 = COs*
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2. How do you account for the formation of S,03%” from SO;>” and S in terms of

Lewis acid theory?

Acid and Base Strength 2 581l g (a ganl) B g8
iy rany g ¢ st JUE Gililee Ll e ae ) g8l 5 (a geal) e li ) (5 5Y i g s o sebe iy
Lleay Je b8 sae e saclall 868 adiet Ly «caligig ol Leate A gen (520 Ao 2l (ia gaall 548
Lo Jeliil) asiys Uisiy n elad) Juiiy Cus celall 3 HCT 03l e Bleli 4 0 A (e 055 0l
Cana¥) el H30 dras bes (H3O 00 5 581 58 5 (5 8 (mns 4l e HCT o cpadl gas JalSIL
The Breonsted—Lowry concept views acid—base reactions as proton-transfer processes
and allows comparison of acid strengths based on how readily they donate protons,
while base strength depends on how strongly they hold protons. By examining reactions
such as the ionization of HCI in water, where water accepts a proton and the reaction
proceeds almost completely to the right, HCI is identified as a strong acid and stronger
than HsO*, making HsO" the weaker acid.
; HCl@g) + H2O) > Clag) + H3O"ag)
Ay p 34 HCL o e oS5 (HO" (e Bisis e Jusind 320l Jary CI7 sl &) (oo&all Jelal) jela
5 Uasa 33 HCI 0l (H30" (s ST A s
The reverse reaction shows CI™ acting as a base accepting a proton from HsO", but since
HCl loses its proton more readily than HsO*, HCI is considered as stronger acid.
HClag) + H20() = Cl'ag) + H30"(ag)
stronger acid weaker acid
Carazal a3l ) el Lee datd 951 s Gty ((HC2H302) €llall (aes (00 0.1 M o3 5 Jsbae &
HiO0a
In a 0.1 M solution of acetic acid (HC2Hs0-), only about 1% ionizes, indicating it is
weaker than H;O".
HC>H302(q) + H20(1) = C2H3027(aq) + H30 (aq)
e 8 Aty H30F (e amal HF Joag e 3% sa cnlid 0.1 M 038 5 Jslas 3 HF Wl
:p ALY 038 G i genll 3 8 i i () ¢« ik 5 HC2H30:
HCl > H;O" > HF > HC:H;0:
Whereas HF in a 0.1 M solution ionizes about 3%, making HF weaker than H;O* but
stronger than HC2HsO2. Thus, the order of acid strength among these examples is:
HCl > H;O" > HF > HC:H;0:
Aoael i Cude 3 ST ¢ JalSIL oty LagalS 0 elall & HT 5 HCI Jie 43l (ia genll 430 oS Y
9.2 Jsaall mea i s 58 HI o) (e J Lae cHCT ool o nST s o HI s ¢ 830 il Gmea Jia
a1 ) (1) 5 A cha sl A s Bl m el e olall i gl 3
HiO 0585 5534 Cun H3O ae HCL Jeli 8 eia o 58 LS Conaia¥ ) (aeal) sa cle i) 4a
8 HO Of Ley il g ¢ ST A ggans (39 al) Jiist 5 8Y) 32081l «CT 5 HoO Jie 20 58l dunailly
) 3ac Bl ol C1 s H3O' 0585 sas Je il aay «Clge
Strong acids like HCI and HI cannot be compared in water because both ionize
completely, but in a less basic solvent such as pure acetic acid, HI ionizes more than
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HCI, showing that HI is stronger and demonstrating the leveling effect of water on
strong acids. Table 9.2 orders acids from strongest at the top to weakest at the bottom,
and reactions proceed toward the weaker acid, as seen when HCI reacts with Hs;O* and
shifts toward HsO". For bases like H-O and CI-, the stronger base accepts protons more
readily, so since H:O is stronger than CI-, the reaction moves toward products forming
Hs0" and CI-, following the direction of the weaker base.

el gl 5 A A3 yiie ac) g8 Gllia Ay gill in gendl () Cum o jiall ASac 85 g8 g (aaall gy 38D aa g8
) e 0 9.2 Jpsall 3 (mganl) A el so il 858 0355 (I3 chiznia e Lim gan cllics &y i
b LS i) 5ac il g CialY) (maall 0 65 ) 30 Jiag ac il jmeal) Jelis eladl cclld] | JauY!
) ) g sl ) (s 81 52l 5 mandl (e Jelil dny G ¢ sSA) Jelal)
A relationship exists between acid and base strength, where strong acids have weak
conjugate bases and strong bases have weak conjugate acids, so the conjugate bases of
the acids in Table 9.2 increase in strength from top to bottom. Therefore, the direction
of an acid—base reaction favors the formation of the weaker acid and weaker base, as in
the reaction discussed, which proceeds from stronger acid and base to weaker

counterparts.
HClag) + H2Og) = Clag + H3O )
stronger acid stronger base weaker base  weaker acid
S8 Laea .8 Bacld Canal 2cld Cancal mea
re sdsldll
Acid Base
Strongest acids HCIOq4 ClO4 Weakest bases
SV Lo ged) H2I§IO4 HSI94_ CanoY) aslsdl)
HBr Br- 4
HCl ClI
HNO3 NOs~
H;O0* H>O
HSO4~ S04
H>SO3 HSO3™
H3PO4 H,PO4~
HNO> NO>~
HF F
HC,H30, CoH300
Al(H20)6>" Al(H,0)sOH*
H>COs HCOs™
H>S HS™
HCIO ClO™
HBrO BrO™
NH4" NH;
HCN CN™
v HCO;3;™ COs*
CanoY) o gt H>0O, HOzz_ GV Ayl
Weakest acids IiSO SH‘ Strongest bases

2slsilly o gaml) Al (5581 19,2 Jgad

Table 9.2: Relative Strengths of Acids and Bases
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Example 3: For the following reaction, decide which species (reactants or
products) are favored at the completion of the reaction.
SO42_(aq) + HCN(aq) = HSO4_(aq) + CN_(aq)
Criac ) &5 i die 5 Carcal HON of 233 <HSO4 s HON Oiemeall duaal) 3 68ll 35 i 2ie
D) ) ) e ornda IS5 Jelal) (lé (A Cancal SO O 223 «CN5 SO42
If you compare the relative strengths of the two acids HCN and HSOy4, we see
that HCN is weaker. Or, comparing the bases SO4*~ and CN~, we see that SO4*~
is weaker. Hence, the reaction would normally go from right to left.

SO42_(aq) + HCN(aq) = HSO4_(aq) + CN_(aq)

weaker base weaker acid stronger acid stronger base
Caacal 32c 18 Cincal (mea G A aea & Bacld
So, the reactants are favored. AL o clleliidl Sl

el sl 5 in ganll Al (5 g8l e 1laie) Ul Jelil) oladl S $9-3
Exercise 9-3: Determine the direction of the following reaction from the relative
strengths of acids and bases.  H2S(uq) + C2H3027(aq) = HC2H3023g) + HS (2

Autoionization of Water slall gi\ll\ catal
Gl ot Alae 3 Unada 4l Ja (e 8 i A SSET 5 20l eSS Jomy O slall (K
(slall A oy A
Water can act as both an acid and a base, and a small fraction of its molecules
ionize naturally in a process called autoionization (self-ionization).
HzO(l) + HzO(l) = H30+(aq) + OHf(aq)
Jaxg) 0555 SAT el e o afion Lty ¢(UaenS dand) 0555 0 oo s 5 e cJelill 1o b
gl Gl sl Gl (OHY) 2 5506l s (H307) psvisoued) sl iy g (3aclaS
Aailal) Al cadle Ladl)
In this reaction, one water molecule donates a proton (acting as an acid), while
another accepts it (acting as a base). This produces two ions essential to all
aqueous chemistry: the hydronium ion (HsO") and the hydroxide ion (OH").
ABL a5 elall 0l Juala il sy o jed Jeliil 1agd () 30 ol
The equilibrium constant for this reaction is known as the ion-product constant
for water, represented as:
Ky =[H;0"][OH ]
K= [H:O"][OH]=1.0 x 10'* at 25 °C
cd:}usjjdggj\}e}ﬁi))d:}@\gb\jﬁiw:g}w \3\&9\@.}3@\ ¢l U‘LA-’}
Because pure water produces equal numbers of hydronium and hydroxide ions,
[H;O"]=[OH ]=1.0 x 107 at 25 °C
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o=ttty [HO'] 3855 203 cmen Chual 13 Yaleie & elall jelay 3l oy 14 b
duals iy oS [H30"] S8 iy s [OH S8 oy chacld bl 13)5 ([OH] S
Al sl a a2 2ie Ky A bstuss [H;OFJ[OHT]
This explains why pure water is neutral. If an acid is added, [H3O"] increases and
[OH] decreases; if a base is added, [OH™] increases and [HsO"] decreases.
However, the product [H:O*][OH] remains equal to K,, at a given temperature.
Ky,=2.5 % 10714 ‘__;\ .J\.J).} cJEdl d:u.u: ‘;:d EBJ\);J\ A\AJ.J & K PrExt 6u\‘)3§“ C"_u\}.\ & Jia
eV 5 all s s vie S ST As s Gl oLl o ) e Lee 37 °C e
Like all equilibrium constants, K,, changes with temperature, for example, it
increases to Ky, = 2.5 x 1071* at 37 °C showing that water ionizes slightly more at
higher temperatures.

(I el Al €I 555 ) it Ui colall Jia (NH Alilad) L 51 2a5 14 Jlia
Example 4: Liquid NH3, like water, is an amphiprotic solvent. Write the equation
for its autoionization.

2NH3 = NH4Jr + NH»,"

Solutions of a Strong Acid or Strong Base 33'333‘ sacdl) Ji gﬁJﬂ‘ waaal) Jullaa
315 A8 (ol Jslaa 8 OH 5 H30™ Clisdl 38 55 s Sy celall (8 ) gall 4403) 2ie
ST H307 38 5 053 nen dslae (3 Gl sl b i Jladl 85 4 5bie OH 5 H3O"

H;0" 3555 e ST OH S 55 0588 ¢ g2e B Jlae 4 Ll OH S i o
By dissolving substances in water, you can alter the concentrations of H;O" and
OH ions. In a neutral solution, the concentrations of H;O" and OH™ remain equal,
as they are in pure water. In an acidic solution, the concentration of H;O" is
greater than that of OH™. In a basic solution, the concentration of OH™ is greater
than that of H;O™.

AN oy lall Jaa DB (05°C aie

At 25°C, you observe the following conditions:
In an acidic solution, s> Jdse A [H;0T]>1.0x 107" M, [OH] < 1.0 x 107’ M
In a neutral solution, J3=i J slsse A [H;0']=[OH]=1.0x 107’ M
In a basic solution, =8 Jdas A [H;0"]<1.0x 107 M, [OH]>1.0x 107" M

r0e IS (58 25°C 30 a Ao die 2nS g el sl 5 s s el (sl 5815 canal 15 Sl

Example 5: Calculate the concentrations of hydronium ion and hydroxide ion at
25°C in:
a) 0.15 M HNO3, b) 0.010 M Ca(OH),
a) 0.15 M HNO: (strong acid s & aes)
[H:0*]=0.15M, Ky, = [H:O*][OH ] = 1.0 x 10"

4 Ky 1ox107™ _14
[OH] = ot = oas 6.7 X 107*M
b) 0.010 M Ca(OH): (strong base; 2 OH™ per formula unit)
(Bpall B 5 A 20H 22 g ¢4, 48 B2 8)
Ca(OH)zs) — Ca2+(aq) + 2 OH (4
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[OH]=2x0.010=0.020 M
—14
[H:0'] = [;“I”_] =290 —50x 1073 M

da 25°C 5,ada 2 2 1.0 X 1075 M 0S4 23S g puel) sl S 53 Jolae 19-4

el ol Jalaia ol azmas Jsladll
Exercise 9-4: A solution has a hydroxide-ion concentration of 1.0 x 10 M at
25°C. Is the solution acidic, neutral, or basic?

Jilaall pOH (s 5! a8 1) g pH (i sugd) a8 )
The pH and pOH of Solutions

5 ill 038 Y (S CH30" a el 0l 3855 30n3 UM G G i gasl) i3 iy (5

(PH) (5%l il (e alatindy Lie pntll Jeus) 000 0555 La LS a3 i 05

el 0 585 e 8l Jslaall Aeli i damas o pH Aad s

You can quantitatively describe the acidity by giving hydronium-ion

concentration. But because these concentration values may be very small, it is

often more convenient to give the acidity in terms of pH. The pH of a solution
expresses its acidity or basicity based on the hydronium-ion concentration:

pH=—log [H'], pOH = —log [OH]
K= [H:O*][OH] = 1.0 x 107", at 25°C
-log Ky, = (-log [H:0*]) + (-log [OH]) = - log 1.0 x 1071
pKy =pH + pOH = 14.00, at 25°C
At 25°C, you observe the following conditions:
:25°C 5 all da o i A0l Ca g ylall Jaa D
 Neutral solution Jais J das: [H;0']=1.0 x 1077 M — pH = 7.00
 Acidic solution asls Jslse: [H30%] > 1.0 x 107 M — pH < 7.00
* Basic solution =& J dssa: [H;07] < 1.0 x 1077 M — pH > 7.00
[H30] 3858 o8 B sinall 68 ,Y1 230 (5 sy pH A (8 4 ) J ) 22e
The number of decimal places in the pH equals the number of significant figures
in the [H30"] concentration.
Lafile 2.9 x 1074 M o_la8e a s 5 yuell o sY 38 55 o (s siad JE ) juae (e diie 16 Jlia
€ oumnen Jslaall Ja SpH
Example 6: A sample of orange juice has a hydronium-ion concentration of
2.9 x 10°* M. What is the pH? Is the solution acidic?
pH = —log [H;0"] = —log (2.9 x 107%) = 3.54
The pH is less than 7.00, so the solution is acidic 2> Jslaall
o 3a (OH) 1S 5uel) O3 1S i e (5 sing o el 20 5 50 (o @i J sl 19-5
fdslaall 3 pH ) 4ad L 10.025 M

%

*

"

¥
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Exercise 9-5: A saturated solution of calcium hydroxide has a hydroxide
concentration (OH") of 0.025 M. What is the pH of the solution?

Acid—Base Equilibria ‘ Bacld _(aaa i) 3i)
dhai Admin a gen (o Cpalaill g cp pSLall g JUi sl il 5 o yaad) Jie AaSLEl) 8l gall (e sl
slae b assisouell Ol 385 e s JiSS () e Y 1 Alla ) sl o Leidlelis
O 1) Lk U e oy (meall OF Sl W) (A 0l V) Gl 38T Gang ¢l Jin Gl iaes
(gl paeall 4l (K15 (H30% 2 0.10 M iz 0.10 M o 38 5 Y slae (b (5 58 Uaes
A ALK, Gl i dad JDIA (e 23ad 5 jaal adll € 5l o 6
Many common substances, such as aspirin, phenobarbital, saccharin, and niacin,
are weak acids. Their reactions with water reach equilibrium rather than going to
completion. To find the hydronium-ion concentration in a solution of a weak acid
like niacin, the equilibrium constant must be considered, since the acid only
partially ionizes. If it were a strong acid, a 0.10 M solution would yield 0.10 M
HsO", but for a weak acid, the actual concentration is smaller and determined by
its K, value.
Acid-Ionization Equilibrium Constant K, K, oaaad) ol o) 33 el
s e dalee (a5 i yiRal) aiaeli g (H3O') ot s el b sal 0 oS3 elal) e el Jeliy
b WS slall & (HCoH302) hlad) (aea ol (Jlid) Juss e (aaal) ol
An acid reacts with water to form hydronium ions (HzO") and its conjugate base
a process called acid ionization. For example, acetic acid (HC2H30:), ionizes in
water as:
HC2H302(aq) + H20(1) = H30+(aq) + C2H302_(aq)
Lars . omanll Cn g sl b s —COOH e sane (A SV 50 A jall Cpa 5 yuel) 353 ()
A8e S (Say (U8 51 5% ) pm) b il JS (s 4008 s il 5S1) LAY e
toh WS Camia (amaald o) 35V
Only the hydrogen attached to the oxygen in the -COOH group is acidic. Because
acetic acid is a weak electrolyte, it ionizes only slightly (about 5% or less). The
equilibrium expression for a weak acid can be written as:

_ [H307][A7]
°7 [HA]
where: JUREEN
K. = acid dissociation constant el IS
[H;0"] = concentration of hydronium ions asai s gl Gl gl S 53
[A"] = concentration of the conjugate base 4 yinal) sac @l 3 53
[HA] = concentration of the unionized acid cpliall ye (maall 3 53

Jsaall = 53 elall b Cimall Gmeadla gasall illl ) V1Al (e K pmend) (S i Jiay clia
Ko ad sl @llian )l o Caeal) o seald) ddgmia a gas 3aad (i sendl (il 5593
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Here, K, expresses the equilibrium for the limited ionization of a weak acid in
water. Table 9.3 lists acid-ionization constants for various weak acids. The

weakest acids have the smallest values of K.

Acetic acid HGC,H,0, 1.7 X 105
Benzoic acid HC;H;0, 6.3 X 10~°
Boric acid H;BO, 59 x 107"
Carbonic acid H,CO, 43X 107
HCO,~ 48 x 107"
: Substance Fomula 4
Cyanic acid HOCN 35X 10*
Formic acid HCHO, 1.7 x 107* Ammoni Nty 110~
Hydrocyanic acid HCN 49 x107'° Aniline (iHNH, 42x107°
Hydrofluoric acid HF 6.8 X 10°* p o \ J
Dimethylaniine (CHyJ,)NH shx a0
Hydrogen sulfate ion HSO,~ 1.1 X 1072 :
Hydrogen sulfide H,S 8.9 x 10°% EI]I)|’:1[]III]€ CBHSNH: arxrt
1S 12 107 Hydrezine Nty L7x 10
Hypochlor: acid HCIO = H |
ypochlorous aci 35107 Hydroxylamine NH,0H LIx 107
Nitrous acid HNO, 4.5x10°* "
i Methylamine CH;NH, 4%
Oxalic acid H,G,0, 5.6 X 1072 . — .
e il 52 0T Pyridine CHN 14%10°
Phosphoric acid H,PO, 6.9 x 103 Urea NH,CONH, 15107
H,PO, 6.2 % 10-%
HPO,~ 4.8x 1071
Phosphorous acid H,PHO; 1.6 X 1072
HPHO,~ 7x 1077
Propionic acid HC;Hs0, 1.3x 1073
Pyruvic acid HC;H,0, 1.4 x10°*
Sulfurous acid H,80; 1.3 X 102

25°C 5)) > da 3 vie Al sel @l 5 (ym seal) (e de gendd Il 5 2 53093 Jsaall
Table 9.3: lists acid-1onization constants for various weak acids

bl b o ) Gmand) iy 3 con s 5l (o) G (anad) Ap i
The degree of ionization (a) represents the fraction of acid molecules that ionize
in solution:
[H*]
=T
(e 58 i die maall Jslae 38 515 K, il il e JS e Cimaall el (ilids 50 aiad
ST slaall S LS (K, J Aina da die celld pa s ST il da o il ¢ QST K, A cuilS LalS
ST ol Asy cilS elaas
The degree of ionization of a weak acid depends on both K, and the concentration
of the acid solution. For a given concentration, the larger the K, the greater is the
degree of ionization. For a given value of K,, however, the more dilute the
solution, the greater is the degree of ionization.
Jslas HCGHINO; bl aiipa osisoll gaal e s (bl (mes (2 17 JUa
R K, ol culi dad e 25°C ie 3.39 (s skt pH dasf 4l (pnlsill paes (30 0.012 M xS S
0 slaall 138 8 Ganlil) Gaead N da o La s $25°C die Gaaal)
2.0% Ay Gilia (ol (mes Jslae ladie 05 Al 4 )Y gall sl (b
Example 7: a) Niacin acid is a monoprotic acid with the formula HC¢H4NO,. A
solution that is 0.012 M in niacin acid has a pH of 3.39 at 25°C. What is the acid-
ionization constant, K,, for this acid at 25°C? What is the degree of ionization of
niacin acid in this solution?
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b) Calculate the molarity at which a niacin acid solution is 2.0% ionized.
a) [H:0*] =107 =1023%=4.07 x 10* M

HA@g) = HsO%ag) + A™ (ag),
Co=0.012M
[A7] = [H:0"]=4.07x 10*M
[HA]=0.012 =4.07 x 10*=1.159 x 102 M
_ [H;07][A7] _ (407 % 107%)?

= = =1.43x 1075
a [HA] 1.159 x 102 310
[ionized acid] [H'] 4.07 x 10™*
= = = = 0.0339
[initial acid] C 0.012
Degree of ionization = 3.39%
2 —
b)a=2.0%=0020 K, = ¢ =Xl
1-«x o
1.43 x 107% x 0.98
C= =0.035M

0.0004
LSy Jady 4ali) oy i caalall culall 8 HC3H5O3 <LiSOU) (aea aa) b (2 1946 G
SIS (mes (40 0.025 M o S5 Jslaal (ulall Sy 558U e 58 () (n gl 5
Sl s Las €omanl 131 K, (el s il dad L pH=2.75 i
3.5 % 107 M st [HY] e Jsanll o 53U LSO (aes 58 5l (b
Exercise 9-6: a) Lactic acid, HCsHsOs, is found in sour milk, where it is produced
by the action of lactobacilli on lactose, or milk sugar. A 0.025 M solution of lactic
acid has a pH of 2.75. What is the ionization constant K, for this acid? What is
the degree of ionization?
b) What concentration of lactic acid is needed to give a [H™] of 3.5 x 1074 M?

Calculations with ionization constant (K,) (Ka) ol el aladinly cililual
S Clsa 31%a0 (9.3 Usn 2 L) (HA) Lo peal Ky (oomenl G ol 408 46 jae el
oAl aading Lo Glle Adlise 45)¥ 50 3150 dillaad H3O's A7 HA O JS1 01 3Y) 20
(AUl QL) 3 ean e 58 LS gl llall 028 Jaad dipeiall (i geall Alla 3 Jagunil)
Knowing the K, of an acid (HA) (Table 9.3) allows you to calculate the
equilibrium concentrations of HA, A, and HsO* for solutions of various
molarities. Simplifying approximation is often used for weak acids to make these
calculations easier, as shown in the following example.
0.10 M 23S 5 Jslae & il ol 5 e s mel) Ol s canliill paas 380 5 Le 18 JUa
fopmlatll aes (i As 50 Loy 9 slaall pH 4af L§25°C sie HCHINO, ¢l (aes 50
Example 8: What are the concentrations of niacin acid, hydrogen ion, and
niacinate ion in a solution of 0.10 M niacin acid, HC¢H4sNO,, at 25°C? What is
the pH of the solution? What is the degree of 1onization of niacin acid?
Given: Co=0.10 M, K, = 1.4 x 107° for HC¢H4NO,
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Use the weak-acid approximation (x << Cy): Coamia paead il aladiuly

2
Ko > &= x % JK.Co = /(14X 1075)(0.10) = VL4 X 1075= 1.18 x 10°M

[H]=1.18 x 10> M

[A]=1.18x 10> M

[HA]=0.10 - 1.18 x 10°=9.88 x 102 M
pH = —log (1.18 x 107%) =~ 2.93

X—1'18X10_3—00118 1.18%
~c, 010 Te

AN (e (56 0.10 M oS 5 Jslae (3 AN Gl s Comsonell sl D815 e 1927 qup
o) da o s S slaall pH 4ai W SHC,H;0,
Exercise 9-7: What are the concentrations of hydrogen ion and acetate ion in a

solution of 0.10 M acetic acid, HC,H30,? What is the pH of the solution? What
is the degree of ionization?

(0

Base-lIonization Equilibrium (Kb) (Kp) 33c@l) cpls ol 3l
General weak base B B iule ddmnsacld
Bag) + H200) = HB(ag) + OH (ag)

[HB*][OH]

,K
Ky = —; [OH] ~ /KyCq a = c_b x 100%
0

Gk BaelBaaa 7 95 A Ky 9 Ka O 4852)
The Relationship Between K. and K, of a Conjugate Acid-Base Pair
e b LS K 40 yital) ataeld (o i g K, camall Gameall ofl8 culd fpn ddavy Al (3lans) oSa
” i LI (e alokil,
A simple relationship between the ionization constant of a weak acid K, and the
ionization constant of its conjugate base Ky can be derived as follows, using acetic
acid as an example.
CHsCOOH(aq) = H+(aq) + CH3COOf(aq)
[H"][CH;COO7]
®" [CH3COOH]
Aalaall @ 5 el ae CH;COO™ 4 yitall saclal) Jelas
The conjugate base, CH3;COO, reacts with water according to the equation.
CH3COOf(aq) + HzO(l) = CHsCOOH(aq) + OHf(aqﬂ)
ok S saclall ol ol 33l a8dle (sl
and the base ionization equilibrium relationship is written as
[CH;COOH][OH™]

b [CH;CO07]
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As for any chemical equations, we can add these two equilibria and cancel
identical terms.
CH3COOH(aq) = H+(aq) + CH3COO_(aq) K.
+ CH;COO (aq) + H)Opy = CH3;COOHqq) + OH (o) K
H>O() & Haq) + OH ) Ky
A yiall dineliy i gaas (g e 138 Gadaiy cadl gl 3 I sl (5 Jelis o Aliasdl)
(0583 A e s i mea 7 5 (oY Apaailly (Uil
The sum is the autoionization of water. In fact, this is the case for any weak acid
and its conjugate base. Thus, for any conjugated acid-base pair,
Ka X I<b = I<w
Ki xKp=Ky=1.0x 107
pK. + pKy, = 14.00
Jslaal pH 4e Lo Apmpds 520l g5 oY) (ol Unla Jland C7HoNO3 sl 19 Jla
€25°C 5l Aa 0 die G ) 5all (00 0.0075 M o585
Example 9: Morphine, C;7H9NOs3, is administered medically to relieve pain. It
is a natural base. What is the pH of a 0.0075 M solution of morphine at 25°C?
K, =1.6 x 107% at 25°C.
[OH™] ~ \/K,Cy = /(1.6 X 1076)(0.0075) = V1.2 x 1078= .10 x 10* M
pOH = —log(1.10 x 10#) = 3.96 = pH =~ 14.00 — 3.96 = 10.04
0.0015M S Jstae  Lodall - 3lad w2iiod cdamida sac 8 Ldl (g i 518 32l (i) 19-8
K s2e @l (uls i 4 16 9.84 W ylaia pH A 4l (i€l (e
Exercise 9-8: Quinine is an alkaline, used to treat malaria. A 0.0015 M solution
of quinine has a pH of 9.84. What is K;?

Salt Hydrolysis @R
OF Say colall b el 4003 2ie Bacl g e (o Jaladll Jelii e 385 sl S 5 2 <Ll
Akl 88 g Al A 3Sall il spW) @l gl Caen @llh 5 UGaeld o Uiaas f Walate il Jslaall ¢S,
U sanS Jax () #3LY) e Al G oY1 (and (S ¢ (Bronsted—Lowry) s sbiui s 5
Jstaall (pH) (i sl ol sany le a5 ¢ Sl Jslaall 3 ac) 6
Salt is an ionic compound produced from the neutralization reaction between an
acid and a base. When salt dissolves in water, the resulting solution may be
neutral, acidic, or basic, depending on the behavior of its ions. According to the
Bronsted—Lowry theory, certain ions from salts can act as acids or bases in
aqueous solution, and this determines the overall pH of the solution.
(NaCN) a5 saall il 1 Jle
g2 Jslae ail iy laa pH = 11.1 %4l 0.1 M NaCN Jslae

78

ibgll ailualillg aglell sliualgi




Ftt ‘%‘vw‘% .
Pl =il &yljg dag-0 .

Ministry of Education Mawhiba

Example: Sodium cyanide (NaCN)
A 0.1 M NaCN solution has a pH of 11.1, indicating that it is basic.
NaCN(aq) — Na*(aq) + CN~(aq)
+ 5l Anlanl =i CN- Laiw Valaia Laﬁ\ 2 SUAL gLl & Na*dﬁi Jdelany
The ion Na* does not react with water and is considered neutral, whereas CN~
undergoes hydrolysis:
CN~(aq) + H20(aq) = HCN(aq) + OH (aq)
UJ:.“ S e X el (e G‘BSJJJ Jay ) aclsS (CN*) il UJ:J ez o Jelatll s uﬁ
5 (el Al ) saaill anly s jallall o3 (o yed Gacld J slaall Jaag Las ((OHY) 2S5 el
H0" 5l OH il 5 45 yitall i 8 5l aaes (3 53 elall an ) 521 Lgd Jeliy ) laall
In this reaction, CN™ acts as a base, accepting a proton from water and producing
OH-, which makes the solution basic. This phenomenon is known as hydrolysis,
in which an ion reacts with water to form its conjugate acid or base and either
OH™ or H:O".
(NHa") a5t sa¥) sl 1l
Example: Ammonium ion (NH4")
NHas*(aq) + H20(1) & NHs(aq) + HsO"(aq) ;
estisouel) Ol b Ge gy slall I Osisn mia 3 (paeaS (NHa) pssised) sl Jany
Lmas Jslaall oy bes «(H30Y)
The NH4" ion acts as an acid, donating a proton to water. As HsO" is formed, the
solution becomes acidic.
(d.:l.ﬂ.a 9 Lg.@lﬁ 9 (aax) @.d\ Jslaa dayds paas
Determining the Nature of a Salt Solution (Acidic, Basic, or Neutral)
aw\i}ﬂ\ YAl ae) 8 (8 patt ddmiall (i gead) e dsidall AW Glig¥) 1
(C2H302 0l e 5 e Jalxia sa s KOH 45l 522l (e il K sl e 6 5383 (KC2H502)
el o8 A cellAl) mes comiall maall 45 yiaal) 3aclall o4
1. Anions derived from weak acids act as bases.
Example: Potassium acetate (KC2H30:2) contains K*, from the strong base KOH,
which is neutral, and C:HsO:", the conjugate base of the weak acid acetic acid,
which is basic.
C:H3027(aq) + H20(1) & HC:H302(aq) + OH (aq)
il CI- ¥ Qe spaill auads Y Alalaia 055 43 58l (m ganl) (o Al ALl i oY) 2
sl 38 adle Jean s B (558 4l O el Gaeall O elall g Jeléy ¥ HCL 0
2. Anions of strong acids do not undergo hydrolysis. Example: Cl~ from HCI does
not react with water because its conjugate acid is very strong and readily donates
protons.
Cl(aq) + H2O(l) — No reaction Jel& sy
NH; (e gl NHat 052¥) 1l n sanS (o et ddpraall de ) il (e d8iG Lo gall i Y13
sl ) (s e O (S 48 meaS o el
3. Cations derived from weak bases act as acids. Example: NHs* from NHs
behaves as an acid because it can donate a proton to water.
NHa4"(aq) + H20(1) = NHs(aq) + H:O*(aq)
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Ca?" s sI NaOH (e gl Nat@ sl :dlie Aalaia 4y 58l) se ) @l (e d8idall dan gall i 0¥ 4
Cahbie gty 5 5aaill Gy ¥ Ca(OH)2 (e )
Cations derived from strong bases are neutral. Example: Na* from NaOH or Ca**
from Ca(OH): does not hydrolyze and remains neutral.
Na*(aq) + H20(1) — no reaction Jeld&i &asy Y
s L)
palic lfLL) dpdeal) Glis¥) e S Aucaes 5S5 daa sall dpiaeall Gl gY) am
2 saaS G ypati (hydrated ions) dgsee sl O35 (asali ) lae 2A 5 TA Giic sanall
GBS AP Gy Gan AL(H20)6?t Wle e (A1) pssie sl (sl 0380 «Jial Jas e
i O Sall Sy M daiig, dpmen ST Lelang Loa ey dapnall o) il jan (g A iSIY)
OFR
Exception: Some metal cations are acidic. Many metal ions (except those of
Groups 1A and 2A, other than Be) form hydrated complexes that act as acids. For
instance, AI** forms Al(H20)s*", where the aluminum ion withdraws electron
density from the coordinated water molecules, increasing their acidity. As a
result, the complex can donate a proton:
Al(H:20)s*"(aq) + HzO(l) = Al(H:20)s(OH)*'(aq) + HsO"(aq)
Alilaie o acld ff ducaaa 24 C)\A)J dilall Jallaall il 13 Lo 23 210 JGa
Example 10: Decide whether aqueous solutions of the following salts are acidic,
basic, or neutral:
a) KCl; b) NaF; c) Zn(NO3)»; d) NH4CN
a) KCl — Neutral Jaaie
b) NaF — Basic el
¢) Zn(NOs)2 — Acidic s
d) NH4«CN — Basic e
5228 (CN7) bl 0 5l 32 Ly ¢ (K = 5.6 % 1071) lmaa W (NHa") s sa¥) (o sal 2
Jlaall 585 Ml s (HON (aead 13a 3 paacall K, dad (e (Kp = 1,62 X 1075) LS (5
oo S Lacd
NH4" 1s a weak acid (K, = 5.6 x 107'?), CN~ is a much stronger base (K, =
1.62x107° from HCN’s tiny K,), basic overall.
dgie JSVaxa AI(NO3); (¢ s KNOs (bs NH4NOs (a &l =3) dallae @1l :9-9 5
Nalaa ol Gacld o Uizaala Jglaall 1S 13 e
Exercise 9-9: Consider solutions of the following salts: a) NH4sNOs;; b) KNOs3; ¢)
AI(NOs)s. For each, determine whether the solution is acidic, basic, or neutral.

The pH of a Salt Solution e Jstaal pH A g gl a8
:25°C i clll & (HCN/CN™) & _jiall sac Wl yaeall 7 5 3]
For a conjugate acid—base pair (HCN/CN") in water at 25°C:
K.(HCN) X Ky (CN) =Ky =1.0 x 1074
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Ki(CN") = —%¥
b (CN7) K, (HCN)
Using the commonly tabulated Auldl) Jglaadl (e adll aladiuly
Ky (ON") = 20X 107 2.04x 1075
b(CN) = 3551010 ~ %

(Adpall saell oy 50 48, )k olaiuly) 0.10 M NaCN Jstae dal 0o pH
pH of 0.10 M NaCN (weak-base approximation)

HydrOlySiS aadll CNf(aq) + H20(1) = HCN(aq) + OHf(aq)
Let x =[OH]. With Co=0.10 M and K}, « Co:
2

Ky, ~ ’é— = x~ JKpCy = /(2.04 X 10-5)(0.10) = +/2.04 x 10-6
0
~143x103°M
pOH = —log(1.43 x 1073)=2.85 = pH~ 14.00 — 2.85 =11.15
:25°C aie Ul adll e J gpeasll J glaall sadinl 11 JUa
Example 11: Use Tables to obtain the following at 25°C:
a) K, for CN; b) K, for NHy4".
a) K, (HCN) =4.9 x 107", then K, for CN™
K _ Kw 1.0 x 10714
p(CN7) = K,(HCN) = 4.9 x 10-10
b) Ky (NH3) = 1.8 x 1075, then K, for NH4*

K (NH Ky  1.0x107% & 6 % 10-10
= = 0.0 X
a(NH3) = Kb(NH3) 1.8 x 10-5

Lo 4e Y 8 ddadla clilalS axdind 4sdll 5 (HCHsO2) @his il (s 1 19-10 quua

pH A Aad Lo g Sa 03 puall )5 55 (50 0.015 M e s 580 Sl Jslaa (8 ey il (aes 38 5
6.3 X 1075 (ssbas s il (maal (Ky) (oumendl Gilill el (b Lale € slaall 13¢0

NH4C1 (= 0.0100 M o35S 5 J slaa saad A 50 Caal 2

Exercise 9-10: 1. Benzoic acid, HC;HsO,, and its salts are used as food

preservatives. What is the concentration of benzoic acid in an aqueous solution

0f 0.015 M sodium benzoate? What is the pH of the solution? K, for benzoic acid

is 6.3 x 107.

2. Calculate the extent of hydrolysis in a 0.0100 M solution of NH4CI.

Kpnias = 1.75 X 107

~2.0x107°

Buffers W‘d—\-‘hﬂ\
uba\mdhj(pH)‘;u;JJm@J\es)l\M‘_g Jﬁ\u\ﬂ\ejmd}&ﬁ?hd\djhd\
(HA)&JJMUAAA u.ujs.qw\.n.i\dw\ d.d\;.d\ ujs.u a.lclﬁj\umunoJM&_\LmS

(BH") 0l lgraes 5 (B) ddmia 328 B (A7) el acld
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A buffer is a solution that resists significant changes in pH when small amounts
of'acid or base are added, It always consists of two components, a weak acid (HA)
and its conjugate base (A"), or a weak base (B) and its conjugate acid (BH").
Oss (NHz) WiseY) sl ((CHsCOO™) <l sl s (CHsCOOH) <ldall (e 1l
((NH#) ¢ 53 523
Adlalaay o 583 (Jm.d\ d;&;.d\ 2 A el Baclall d ‘(H3O+5\ HY) saes Caual 13
Leilbaas o 54 (J:u,d\ Jslaall 8 ol (maall d ((OH) 328 Cadyal 13)
C\.I.uu c)\)ﬁub pH M:ta L_i\_u (GRETT [0 L,,.A A8l aal) sacall }\ ua.q;j\ ”ua\.a.a.m\“ LA‘G oJJﬂ\ Y
Example: acetic acid (CH:COOH) and acetate (CH3COQO~), or ammonia (NHs)
and ammonium (NHa4").
If acid (H* or H3O") is added, then the conjugate base in the buffer neutralizes it.
If base (OH") is added, the weak acid in the buffer neutralizes it.
This ability to “absorb” added acid or base is what keeps the pH relatively stable.
pH of a Buffer phiia Jslaal pH (i g ) b )
LJJLJ‘ <l L)J;SJ Cuan (e sacld e C:j-) DAl o c4_LuLA I)}{ YPNE eln;n Lj;ﬂ:;a ~>;~4==.J
o sim ahaih Jlae ol (e costhaall o5 yuell uy‘ J-‘SJ-‘ (e 1—*4)5 (Ka) ol «:—-AAJ
To prepare a buffer of a desired pH, a conjugate acid—base pair is needed where
the acid’s K, is close to the required hydronium-ion concentration. For a buffer
containing a weak acid (HA) and its conjugate base (A").
HA + H20 = H;0" + A~

The relationship is: AR (o SS
o _ [H0%[A7]
) [HA]
Rearranging gives: et il sale g
3 a [A—]

Sl g pia Adlaa e Joans ccilaiy jle 5l aal
Taking logarithms gives the Henderson—Hasselbalch equation.
[A”]
[ Al

[base]

In general: ale JS& pH = pK, + log [acid]

YA 0 020 M 5 (HC2H302) <l (aea (50 0.10 M o 38 5 Jslae jumat 8012 Jla
$25°C aie Jslaall 13gd pH 4ad L (NaC2H302) a2 oall
Example 12: A solution is prepared that is 0.10 M 1n acetic acid (HC,H50,) and
0.20 M in sodium acetate (NaC:H0O:). What is the pH of this solution at 25°C?
Ka(HC:H502) = 1.7 x 1073
Use the Henderson—Hasselbalch equation:  :gblala () g jaia Aalaa aladiuly
pK. = -log(1.7 x 107%5) =4.77

[A7] 0.20
H = pK, +1 =4.77 + log —— = 4.77 + 0.301 = |5.07

pH = pK, + log
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NH3J}SA.A e 60.0 mL ks e.L-u.q Jslaa yuasty Aaldll Glaladll .JJAJ 19-11

Jslaall 13¢) pH 4 L 10.100 M S 5 NH4Cl Jslae 0= 40.0 mL = 0.100 M S 5

¢ alaidll

Exercise 9-11: Instructions for preparing a buffer specify mixing 60.0 mL of

0.100 M NHs with 40.0 mL of 0.100 M NH4Cl. What is the pH of this buffer
solution? Ky (NH3) = 1.8 x 1073

Adding an Acid or Base to a Buffer ahaih Jslaa Jf 5asld gf aan ALl
oxbj\umﬁu\mpr@u\)&d\ eL.\AM Jslaall o slay

LI s (50 DAY e Ll HyOF el «DAW/elal (men cpo ahiih Jolae 8

Lo il (oSl LAl yaaa ae Jeliti diladll OH @l o S pH dad s (00 JI&) Laa

A buffer resists changes in pH when acid or base 1s added.

In an acetic acid/acetate buffer, added H;O" reacts with acetate to form acetic

acid, minimizing pH change. Added OH reacts with acetic acid to form acetate,

also reducing the pH shift.

0.10 M) 12 Jiall 3 Cgmsall alaidll Jglaall 5o 75 mL 3 pH 4ad ol 213 Jla

25°C xe 0.10 M HCI J slss (30 9.5 mL 48l 223 (0.20 M NaC2HsO2 s HC2H302
ki sl ) el A (s Bilia) ach 5] pH e b Cirages Ll il lsia o6

Example 13: Calculate the pH of 75 mL of the buffer solution described in

Example 12 (0.10 M HC:H30: and 0.20 M NaC:Hs0:) after adding 9.5 mL of

0.10 M HCI at 25 °C. Then compare the pH change to what would occur if the

same amount of acid were added to pure water.

nHA (acetic acid <Ll (zaes) = 0.0750 x 0.10 = 0.00750 mol

nA~ (acetate <&l = 0.0750 x 0.20 = 0.0150 mol

Moles of H" added uaeall (e 4iliaall &Y 50 220=0.0095 x 0.10 = 0.00095 mol

Neutralization reaction: Jal=ill Jel&i H(,q) + A~ (49— HAq)

na- (after reaction Jel&ill 223) = 0.0150 — 0.00095 = 0.01405 mol

nua (after reaction Jel&il Ja-’) 0.00750 + 0.00095 = O 00845 mol

pH = pK, +1og(E)_47696+1og(000845)—

Compare adding the same acid to pure water, the total volume after mixing:
75.0+9.5=84.5mL=0.0845L

0.00095
[H*] = oogas ~ 001124 M = pH = —log (0.01124) ~
pH change comparison: :pH A il 4 e
For buffer: rpdaidll J slaall

ApH = 4.99 — 5.07 = —0.08
Sibgll alaliylig aglell sluelgi
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For water: ts8il) elall
ApH~=1.95 — 700——505
Conclusion: The buffer drastlcally re51sts pH change compared to pure Water
A4.1% 430.0100 M 3855 53 (NHs) Lised) Jslae ¢y « 25°C 300 sa da 2 2ie 114 JUa
o Lo ) (Gl i aaall o
NHa* p s 5a1s OH™ 2S5 538]) (Sl 58 58 (a
INHs il e &y a0l Liged) 355 (b
Wl & Lu}A)J Ky L;.Ax;\ﬂ\ uﬁU\ Culd (c
ha¥) Jsladll (50 1,00 L &) NH4Cl = 0.0090 mol 4dlas) 22 OH™ S i (d
1.00 L &2 HCI ¢« 0.0050 mol s NHs ¢ 0.010 mol 23k ylask Jslaa A OH™ 1S i (e
Jslsall e
Example 14: At 25°C, a 0.0100 M solution of ammonia (NHs) is 4.1% ionized.
Assuming that the volume remains constant, calculate the following:
a) The concentrations of OH™ and NHa4" ions
b) The concentration of un-ionized (molecular) NHs
c¢) The ionization constant (K;) of aqueous ammonia
d) The concentration of OH™ after adding 0.0090 mol of NH4Cl to 1.00 L of the
original solution
e) The concentration of OH™ in a solution prepared by dissolving 0.010 mol of
NHs and 0.0050 mol of HCI in 1.00 L of solution.
NH3(aq) + HzO(l) = NH4+(aq) + OHf(aq)
Given: o =4.1% = 0.041; Co(NH5) =0.0100 M.
a) X = 0Co=0.041 x 0.0100 =4.10x10* M.
[OH ] =[NHs"]=4.10x10"* M.
b) [NH3] =Co (1 —a) =0.0100 x 0.959 =9.59%1072 M.
¢) K, of NH3
[NHF]J[OH™] (4.10 x 107%)2
P~ INH;] = 9.59x 1073
d) [OH] after adding 0.0090 mol NH4Cl to 1.00 L
[NH:] = 0.00959 M (from part b 5_8ll (1s)
[NH4*] = 0.0090 + 0.000410 = 0.00941 M
Use the buffer plail) J dlaall A83e aladiuly
OH] ~ Ky ad _ (1 75 5 1075y 209959 ) 76 % 1075 m
[OH7] ~ P[NH}] ( ) 500041 ~ &
e) [OH] when 0.010 mol NHs and 0.0050 mol HCI are dissolved per liter
Neutralization J2=ill: NHs + HCl — NHa" + C1-
Lz NHs ¢ 0.0050 mol @« 0.0050 mol J«\SIb HCI Jel&s (1:1) 455 sall Alalaall (50
3218 (0.010 -0.0050 =0.0050 mol) NHs (e (=i 2y s NH4Cl el 32 0.0050 mol
blila (G s yaia A83le gacl alath Jdaa oo Leala aa
[NHs] = 0.0050 M, [NH4*] = 0.0050 M.

~ 1.75x 107>
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[OH"] = K INH; | _ (1.75 X 1075) x — 0 e 175%10°5 M
b [NH;] ' 0.0050

=50 em® g« (A Js159) 0.200 mol/dm? xS s LAl (imes 50 50 cm? z 3« :9-12 <o
e sall 28 5508 (e 100 cm® Sbai s (B dslas) 0.500 mol/dm® S s o 33 seall <O
e A+BHCE A+BAA dad e 0 pH 2ad 23a (C Jstas) 0.010 mol/dm?

sl
Exercise 9-12: We mix 50 cm?® 0.200 mol/dm? acetic acid (solution A). 50 cm?
0.500 mol/dm? sodium acetate (solution B), and 100 cm? 0.010 mol/dm? sodium
hydroxide (solution C) solutions. Determine the pH of A, A+ B, and A+ B +C
solutions respectively. K,(CH;COOH) = 1.8 x 107

Acid-Base Titration Curves Lac\al) — dpdaaal) 3 laall cilyiaia
aaa o8 DA e e Jslae 3300l 5l (aeald) 40aS apaail Aac Bl — dpaaall 5 pleall aadind
; Al Jalall alay o 30U slaall 38 511 63 (Ulaeadl ) 3aclll
(Uaeal) ) sacldl) dil) xie Jlaall (pH) (iinsel) o3l i (i 5 plaall siada elad
e Ll 43810 il Lo ol il dla yall oa s 58LSEY Ak aan LSy Jiniall 138 (e
Adadil) ells e AL 48 91yt anlie Qi i) 5 — ac Al 5 aeall
An acid-base titration is used to determine the amount of acid or base in a solution
by measuring the volume of a base (or acid) of known concentration needed for
complete neutralization.
A titration curve shows how the pH of a solution changes as base (or acid) is
added. From this curve, we can identify the equivalence point—the stage where
stoichiometric amounts of acid and base have reacted—and choose a suitable
indicator that changes color near that point.

Titration of a strong acid with a strong base L daelly g b Laan b laa
a2l «0.100 M NaOH 32l& 0.100 M HCI Jslse (x 25.0 mL 8abae «Jis
Jslaall (g siny (pH =7) 8Ll A (o il s S Ao po adll o o3 dglaall A edany S g ]
Aol aladiul (Say 58S xie pH = 7.0 A 0580 13 ¢Jataia mda s 5 (NaCl le Ao 51l ie

9.1 JSAll (8 i ge g LS Baladl 3ab 3l o2 (e il Lei sl iy
(R dany) 8.2-10.0 pH s« (2 ¢l sl (I Jsaty 05l aae ) 2 Gdlidl g2l
Example, the titration of 25.0 mL of 0.100 M HCI with 0.100 M NaOH, the pH
rises slowly at first and then sharply near the equivalence point (pH = 7). The
solution contains NaCl, a neutral salt, so the pH is 7.0 at equivalence. Indicators
that change color near this sharp rise can be used, as shown in Figure 9.1.
Phenolphthalein (colorless turn to pink, pH 8.2-10,0) works well.
#25.0 mL &Y 0.100 M NaOH ¢ 10.0 mL4d) Capial Jsladd pH daf casal 115 Jla
.0.100 M HCl
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Example 15: Calculate the pH of a solution in which 10.0 mL of 0.100 M NaOH
is added to 25.0 mL of 0.100 M HCI.

H30"(ag) + OH ™ (ag) = H20() + H20q)

Step 1: Calculate moles of acid and base 3acldl) g mandl Y g 23 Caal
nae, = (0.0250)(0.100) = 0.00250 mol
nor, = (0.0100)(0.100) = 0.00100 mol
Step 2: Determine which is in excess o=l Legl 3
HCI: 0.00250 mol, NaOH: 0.00100 mol, — Acid is in excess. gaesll sa (ildll
Excess HC1 =0.00250 — 0.00100 = 0.00150 mol

Vo, = 10.0 +25.0 =35.0 mL = 0.0350 L
. 0.00150

[H] = 0.0350
pH =—1og(0.0429) = 1.37

= 0.0429 M

14 Volume NaOH

added (mL)  pH

12 0 1.00
o P 5 LI§

S Ol J sl 10 137

10 ‘{’ink po Phenolphthalein 15 1.60
. 20 195

ast :

C d(vrf:\: 21 206

= Equivalence point 2 220
= ) Aoy px] 238
6 24 269
Blue 2 7.00

; @220 L Bromeresol green 26 1129
Yellow | a1 Uy S5a90 2 1159

Dhaal 28 11.75

29 11.87
30 11.96

35 1222
” : ) F— 40 12.36
0 5 10 15 20 2 i 35 40 45 50 45 1246
Yolume of NaOH added (mL) 50 1252

4s8saclly (58 (e s jlae aie 19, ] JSA
Figure 9.1 Curve for the titration of a strong acid by a strong base
0.10 3«25 mL Y0.10 M NaOH (5 15 mL 44) Cidsal J sladd pH 4 b 19-13
fM HCI
Exercise 9-13: What is the pH of a solution in which 15 mL of 0.10 M NaOH has
been added to 25 mL of 0.10 M HC1?

1 g8 baclly Cimda (aea §ilaa
iy (o8 Umen 3 lae nie (e 3 laall aie Calidg 8 3acls) (s (faes B ylaa dic
& a3 (pH) (s soned) a8l 3o Clunca paeal) 0 e &lail pH dad vie Jaill
el sl od o Las (1157 pH 0m) 58Sl ddads o ol 5 S Ao pua @l o eyl
Mied dpeal ST maay Jalall sl Ml g ey 58 3ac iy (6 B ans B ae & lli e aal pH
058y il Akt vie (s Jany) 10.0 ) 8.2 e pH s2e (8 4351 iy 52 Gl 53l
el ity (53 sl Gaeall el e (g sing Jslaall (Y @lli g alaia a5 Gael Jsladl

9.2 JSE b ma ga sa LS cliacls Y glas LA
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Titration of a Weak Acid by a Strong Base

When a weak acid is titrated with a strong base, the titration curve differs from
that of a strong acid. The curve starts at a higher initial pH, since the acid is weak.
The pH increases gradually at first, then rises sharply near the equivalence point
(between pH 7 and 11). Because this pH jump is smaller than in a strong acid—
strong base titration, the choice of indicator is more critical. Phenolphthalein
(pH 8.2-10.0) works well. At the equivalence point, the pH is basic, not neutral.
This is because the solution contains the salt of weak acid, which undergoes
hydrolysis to produce a basic solution, as shown in Figure 9.2.

Volume NaOH
added L) pH

Bromeresol green b 129

Yelloy
N ad ¥l 3 S as 7 115

g 1236
Volume of NaOIH added (mL) 124
125

50

48 a0y Capmiia aea b jlae (Aaie 192 JSA

Figure 9.2: Curve for the titration of a weak acid by a strong base
Ol Gmea e 25 mL 3 ylae a0 Ledie 5AISEN Akl e Jglaal pH Aed sl 116 JUa

.0.10 M 3850 a3 seall 2S5 528 Aol 52 0.10 M S 5
Example 16: Calculate the pH of the solution at the equivalence point when 25
mL of 0.10 M niacin acid is titrated by 0.10 M sodium hydroxide.
Ka niacin acia = 1.4 % 107
At the equivalence point KA ddads vie

Moles of acid uaesll &Y 0 232 = moles of base =&l Y g0 2ac

Nacid, = (0.0250)(0.10) = 0.00250 mol
nxaon, = 0.00250 mol

Vota, = 25.0 +25.0 = 50.0 mL = 0.0500 L

A — 0.00250 _ 0.0500 M
A= 0.0500

K, 10x 10"

Kp =—== —
K, 14x10-5
A~ +H.O = HA + OH

x? x?2

K, = ~
b7 0.0500 —x 0.0500

=7.14x 10710

X =5.97x107°

[OH]=5.97x10° M, pOH = —log(5.97x107¢) =5.22, pH =14 — 522 =8.7

Jsaar 0.10 M HF (% 25 mL 5l o8 Ladie 58Sl ks die pH 4ad L 19-14 s
£0.15M NaOH

Exercise 9-14: What is the pH at the equivalence point when 25 mL of 0.10 M

HF is titrated by 0.15 M NaOH? K, (HF) = 6.6x10*
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Ay g8 Bac iy Cimids (haas 5 plaa Ja e
Stages Titration of a Weak Acid with a Strong Base

Main Species Tvoe of pH
Stage Present ype Major Reaction / Concept Behavior
o8 5 < Solution J Son f v s A
{a all dsi ) £ 553 el 533 i) o sgall gf ety a8 1) & sl
3352 gall s =2 9ou¢d)
| Before b Weak acid onl Partial ionization:
q d‘e' ore base L;a  aClQONY [lyweakly acidic e <7
addition || SRR ORS | ne HA = H* + A~ p
sacall 48lia) (a8 (HA) =
[H*] = JKa[HA]
2. After some base Neutralization: Jataill
added (before _ HA+OH™ - A + H,0 use
Gl | M B e i |
- d:i:::\) ey EISEARCES NP o [(Xfr ENEE R
(s pH = pK, + log [HA]
;Eiljence point Buffer ?g§§2§2$
g 20| [HAI=TAT] .. pH = pK, pH
G 0% i Jolae AR
# Jtine
i A”+H,0 = HA+ OH™
4. Equivalence A" only Basic (fr(?m 2 K
. . b hydrolysis) K. = W H>7
point (conjugate base)|| . .. b p
S A vie | Ladh ) jiasaels || 05T G Ka
(et [0H™] = /K[A~]
_ H determined by excess base:
Excess OH Pt -« ;
saclall 3K 55 e A J |
> After . (from NaOH) ||Strongly basic el 5 UA,?T‘%JJ%J P
equivalence point s < . 323 3)) pH >>>7
<3 Ak Ui OH ex L;;;:U n
8L Adads ey ) —1 _ excess
(NaOH) 0~ [OH7] =
Vtotal

Solubility-product constant K, Kip 4l Juala el
325 Al o sl Jiay ol sl AL A o) L&l Al s Aslatiall ) Y Aadail 5 jaal) oda 8L
e Aolall alall s Al ball il g3 g 0 ) il Jslaall 8 2a gy G 63 gana Al 53 llias Al
5 A ALEN LaSl) 8 ((PHF,) (Sl pabaa sl 518 Ja gl sill QB8 R je dlls 38 A1)

r V) sl o Ul 3l 43S catl gl ) QIS IS 4ia
This section discusses equilibrium systems involving the solubility of slightly
soluble 1onic compounds. Even “soluble” substances have limited solubility, and
in a saturated solution, equilibrium exists between dissolved ions and undissolved
solid. For a slightly soluble compound like PbF2, the small amount that dissolves
fully dissociate into ions, establishing an equilibrium such as:

PbFz(s) = Pb2+(aq) + 2F_(aq)
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From this, the ion-product expression (Qsp) 1s written as:
Qsp = [Pb**][F7]?
Juala i anly Caged 435 dad ) (Qyp) s Jualas A83le Juait (lriia J slaall ey Laic
S8 s S Balall Y ge aae A5 ¢ () A gall di) pd) 1 Al oda Jadi i s K Al
Boloall s o Jai adiad K A G JSAL soaall ey Abima sl s da o die Jslaall (e 2al
When a solution becomes saturated, the ion-product expression (Qsp) reaches a
constant value known as the solubility-product constant K,,. The molar
solubility (s), which is the number of moles of a substance that dissolve per liter
of solution, is related to this constant. Notably, K, depends only on temperature.
AR () 5S5 M X sl (0 8l ale R
In general, for a compound M,X,, the expression is:
Ky, = M2 [X#]9 = K, = (p-5)" (q°5)F = prq? s®9
Jelilyg 48 sae 8 3 (S27) b U ¢yl Y elldg e Sl claghy S iany 8 Lald Alls 2a
21 € Jie 8 el iy A (OHY) 208536l sl 5 (HS™) i pSal) ool 0388 oLl s
:«;J:‘ LS ‘élﬂ\ Al ol T ¢ (MnS)‘):\.\:_\.d\
A special case occurs with some metal sulfides because the sulfide ion (S*) is
strongly basic and reacts with water to form HS™ and OH™. Therefore, for a
compound like MnS, the overall dissolution equilibrium becomes:
MnSs) + H20¢) = Mn*'(ag) + HS (ag) + OH (ag)
and the K, expression is: Kp Al Juals cli d83e ) 1
Ky = [Mn*[[HS"][OH"]

b Lan Sy JSTA Y gall Al A1V (K ) Aall) Juals i A8de (iS) 217 Jla
Example 17: Write (K,) expression in terms of the molar solubility for each of
the following compounds.

a) Magnesium carbonate a ssie Lall &l g3 S
b) Iron(Il) hydroxide AU woall 1S 5 jam
¢) Calcium phosphate a sl Cles 68

d) Silver sulfide adll A S

a) MgCOs() = Mg* (aq) T COs* (o) Ky = [Mg*][COs* | =s x s =§°

b) Fe(OH)z) = Fe* (aq) T 20H (49 K = [Fe*'][OH ]2 =s x (25)* = 4s3

¢) Cas(POu)zs) = 3Ca%(aq) + 2P0+ (aq) Kyp = [Ca> P[POL ]2 = (35)* (25)*= 108s°
d) Ag2Se = 2Ag ag) T 57 (aa) Ko =[AgP[S*]= (25) x s =45

25°C e Mn(OH); o gdie J slsal pH s Mn(OH), 3 4 ,Y sall 431all Cass) :9-15

Exercise 9-15: Calculate the molar solubility of Mn(OH), and the pH of a
saturated solution of Mn(OH), at 25°C. K, for Mn(OH), =1.9x107"3
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Problems Jitua

Short Answer b palida cilila) (9-1)
aeall K, e e 10.059% sty il (HX maia paes (0 0.10 M slae 1
1. A 0.10 M solution of a weak acid, HX, 1s 0.059% ionized. What is value of
K, for the acid?
1.00 g/em? 48US o caale 13) el 6185 sl e (0 1.0 m/m% Jslaal pH dasd il 2
2. Calculate the pH of the 1.0 m/m% hydrochloric acid if its density is practically
1.00 g/cm’.

¢ il 45 3l Aol Lo 5,34 98 0.15 M (CH;);NHCI zlell s 5 pnell 8013
3. The pH of 0.15 M (CH;);NHCI, a salt, is 5.34. What is percentage of
hydrolysis?
Q(ZSOC A.tc) @.\M el GA o slall lSas 3..;‘)& L 4
4. What is the degree of dissociation of water in pure water (at 25 °C)?
pH =13.00 NaOH s pH = 2.00 <l ) 5IS 5 )l (ans (dslae (e paall Gl = 50 03 (9-2)
€555 Jslaall pH 4 L
The same volumes of pH =2.00 hydrochloric acid and pH = 13.00 NaOH solution
are mixed. What is the pH of the solution formed?
pH= Jslas e Jsasll pH = 3.00 5 pH= 1.00 Jslae 7z e o daaa Lo ;5L (9-3)
2.5
In what volume ratio should a pH=1.00 and a pH = 3.00 solution be mixed to get
a pH= 2.5 solution?
fCsHsN J K, 4as e 2,699 Leiad pH 4 CsHsNHCI (32 0.25 M Jslas o) 225 (9-4)
A 0.25 M solution of CsHsNHCI was found to have a pH of 2.699. What is K,
for C5H5N‘?
HySO4 Jslae (0 35.7 cm? e 4% 25.0 cm? Jeléty 3l (NaOH Jslas 3 5 L (9-5)
f0.126 M
What is the concentration of a solution of NaOH, of which 25.0 cm? reacts with
35.7 cm?® of 2 0.126 M H,SOy4 solution?
paa o Ld pH= 4 dad 5) hisall )l jnell aea g 10 om? Aalas slladl) (9-6)
faiilia) a5l pOH = 5 4302 saall 20 5 08 Jslaa
10 cm?® of diluted hydrochloric acid with a pH-value of 4 must be neutralised.
Which volume of a sodium hydroxide solution with a pPOH= 5 must be added?
&5 0.038 M NaOH Jstaal pH e o cale 13 40°C 2ie Hhiall slall pH dai 222 (9-7)
140°C 2= 12.00 4edll
Determine the pH of the distilled water at 40°C if it is known that pH of a 0.038
M NaOH solution is 12.00 at 40°C!
ix CaCy0y p s\ SN YL 5l (430 25°C 30 a Aa o die aadih Jslae (e Al i &5 (9-8)
el gl (Kp) 4l duals @l casal CaCrO4 = 0.0061g  Atiall ol Hll (188 (ilaall
25°C xe
A liter of a solution saturated at 25°C with calcium oxalate, CaC,04, was
evaporated to dryness, giving a 0.0061g residue of CaC,0,. Calculate the
solubility product constant for this salt at 25°C.
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EXCERCIS ANSWER Gl i) clila)

(9-1) &

Acid: H2COs; Base: CN- — Conjugate pairs «is z1s3): H.COs/HCOs~ and CN/HCN.
Conjugate acid of the base 3= all  yia jaes (CNY) is HCNiag).

(9-2) %

1. a) BF3; + CH30H = BF3:CH;OH

Lewis acid o= 5! (aes: BF; (electron-pair acceptor at B xie 5 i) 7 55 luis))
Lewis base u of 3= CH3OH (O donates a lone pair 5 S 7 5 )

b) O + CO2 = COs*

Lewis acid o= st (=aes: CO2 (electron-pair acceptor at C 5 < z 55 luisl)
Lewis base (= 5! 3228 02~ (donates a lone pair &l e z 9 =)

(9-3) s

Canaa¥) 522l & CoH30; 5 «iaa¥) (aeall 8 HoS o Ly Cana¥) saclill/ maall g Jelaill aaiy
M\ ‘—‘-‘u\ U\ Lﬁ‘ .C2H302_(aq) S HZS(aq) U}ﬁ °IA-’WL' d:‘"“" U\JSY\ u\ﬁ ‘(6}5\ L)A'“;J a-’JM‘ BJ‘;GM LG—’)S)

(e liidl) ) il s
The reaction goes toward the weaker acid/base. Since H-S is the weaker acid and C-Hs0:" is
the weaker base (conjugate of the stronger acid), equilibrium favors H2Sq) and C2H3O:2 (aq).
Favored side left (reactants).

(9-4) 8

[OH]=1.0 x 10° M, Using, Ky = [H:0*][OH ] = 1.0 x 10"

Hy0+] = 0 107 1.0x 107°M

3071 =10 =+ .
[H307] < 1.0 x 10”7 M, so the solution is basic e ld J sl

(9-5)
[OH] = 0.025 M
Ky = [H:0°][OH] = 1.0 x 10"
—14

[H;0] = =22 —=40x 107 M
pH = -log [H30"]=-1log (4.0 x 1071*) =12.40
pH = 12.40, the solution is strongly basic. LAl danla 53 Jladll

(9-6) <%

a) [H]=10"=1027=1.78 x 10> M

I C E

HA 0.025 —x 0.025 —x
H* 0 +x X
A 0 +x X

Since x = [H*] =1.78 x 10~
[HA] = 0.025 - 0.00178 = 0.02322 M
_[H'][AT] _ (1.78 x 1073)?

- = 1.36x 1074
2~ THA] 0.02322
_[H'] 1.78x107% 0.0712
=T T 0025 U

Degree of ionization = 7.12 %
b) K, =—
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+12 12
K, = C[i{—[l]ﬁ] - =[H"]+ %
C=35x10"*+ M =1.25x1073
1.36 X 10=*
(9-7) s
Equilibrium o) Y HC:H302(aq) = H'(aq) + C2H3027(ag)

Let x = [H'] = [C2H30:7].
Approximation < &b (valid if x <« Co):

2

X
Kam e = x~ JKaCo = /(1.8 X 1075)(0.10) » 1.34 x 1073 M

0
[H]=[C:H30:]1~1.33 x 10° M
[HC:H30:] = 0.10 — 0.00133 =9.87 x 102 M
pH =—log([H']) = 2.88

x 133x1073

Degree of ionization (il 4a 0 (o) = N T =1.33%
O .

(9-8) suu%

Co (quinine ¢#255) = 0.0015 M, pH=9.84 at 25°C

pOH =14.00 —9.84 =4.16

[OH]=10*%=6.92x10°M

[BH =x =6.92 x 10~ M

[B]=Co—x=0.0015—-0.0000692 =1.43 x 10°* M
[BH*][OH™] x2 (6.92 x 107>)2

~ -6
b [B] " Co—x 143 x1073 ~3.3x10
(9-9) 8
a) NH4NO; — acidic (oaels
¢ 8l paeall (e =l NO5™ Ll ¢ iman sed SN ([ iy (NH; Azl sac 6l (G8) jall (aaall) NH4*
Jaltie sed (HNO3
NH4* (conjugate acid of weak base NHs) donates H* — acidic; NOs~ (from strong acid

HNO:s) is neutral.
b) KNOs — neutral Jalaia

saad Gaady Ul Jabaie (HNOs s 58l) panall (e @) NOs~ Gl ¢Jabaia (KOH 458 3228 (40) K
K" (from strong base KOH) neutral; NOs~ (from strong acid HNOs) neutral — no hydrolysis.
¢) AI(NOs)s — acidic e

aax H3;OF slaeY Lty o) [AI(H20)6]3* (sibe dina ¢y 53l AP+ Sy Lty ¢Jalaia NO3™

NOs™ neutral; AI** forms the hydrated ion [AI(H20)s]** which hydrolyzes to release H:O* —
acidic.

(9-10) s

1. Hydrolysis sill: CsHsCOO (aq) + H20(1) & HCsHsCOO(aq) + OH (ag)

K, 1.0x10"
Kp=—=——"_ =159x10°10
b7 K, 63x10°5

Let x = [OH ] = [HCsHsCOO]

With Co=0.015M and x < Co

x = (Kp X Co)'? = ((1.59 x 1079)(0.015))>=1.54 x 10 M

pOH = —log(1.54 x 107°) = 5.81

= (pH=14.00 — 5.81 =8.19)

[HCsHsCOOH] = (1.54 x 10° M)

pH~8.19

2. For NH.4* (the conjugate acid of NH3): i 5aYL il aeal
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Kw 1.0 x 10714 10
K,(NH7) = Kb(NH3) 175 %105 571 x 107",
Hydrolysis sill: NH4+" + H.O = NHs + H;0*
Let x = [NH3] = [H30" ] formed.

K, = CX—_ZX ~ % = x ~ (K..0)'? = ((5.71 x 1079)x (0.0100))> =2.39 x 10 M
Extent (degree) of hydrolysis el A
o= X M =239%x107* = 0.0239%.

C 0.0100
(9-11) s

n(NHz) =0.060 L x 0.100 M = 0.00600 mol

n(NH4") =0.040 L x 0.100 M = 0.00400 mol

Ko (NHs) = 1.8 x 105 = pKy = 4.745 = pKq = 14 — 4.745 = 9.255

Use Henderson—Hasselbalch equation ke () sus s Alalaa aladiuly
(acid form u=eall JS& = NH4" | base form s2c&ll J<% = NHs):

pH = pK, + log =] base] — 9.255 + log (22890

0.00400)
=9.255+ log(1. 5)
=9.255+0.176 = 9.43

(9-12) s

K. (CHsCOOH) = 1.8 x 107°, so pK, = 4.7447

1. Solution A only (50 mL of 0.200 M CH:COOH)

Weak acid: HA = H"+ A~

[H*] = V(K. x C) =((1.8 x 10)(0.200)) = 1.90 x 10> M

pH=2.72

2. A + B (Mix A with 50 mL of 0.500 M CHs:COONa)

Moles before mixing: izl J8 @Y sl s
HA: 0.050 x 0.200 = 0.0100 mol

A7:0.050 x 0.500 = 0.0250 mol

Total V=0.100 L = [HA]=0.100 M, [A"]=0.250 M

Buffer (Henderson—Hasselbalch): H(Elld s pa18 A8e ) alaie Jslae

_ [A7] _ 0.250
PH = PK, + log o] = 47447 + log , (3=

pH=5.14
3. A+ B+ C(Also add 100 mL of 0.010 M NaOH)
Strong base neutralizes HA waeall 4y 58l 3ac 6] Jalas
OH moles =0.100 x 0.010 = 0.00100 mol
OH + HA — A
HA — 0.0100 — 0.00100 = 0.00900 mol
A~ — 0.0250 + 0.00100 = 0.0260 mol
Total S aasll V =0.200 L = [HA]=0.0450 M ,[A]=0.130 M

pH = pK, + log 0(2)143500
pH=5.21
(9-13) @
nacl, = (0.0250)(0.10) = 0.00250 mol
nxaon, = (0.0150)(0.10) = 0.00150 mol
HCI: 0.00250 mol, NaOH: 0.00150 mol — HCl is in excess saaall s (il
Excess HC1 = 0.00250 — 0.00150 = 0.00100 mol ol [meall &Y ga d2e

Viotal, = 25.0 + 15.0 = 40.0 mL = 0.0400 L
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. 0.00100

= m = 00250 M

pH = —10g(0.0250) = 1.60

(9-14) s

Var, =25.0 mL =0.0250 L
[HF] = 0.10 M
[NaOH] = 0.15 M
nar, = 0.0250 x 0.10 = 0.00250 mol
At the equivalence point, all HF is neutralized 58Sl A die HF JS Aabas
N(NaOH) = N(HF,

0.00250
=0.0167 L = 16.7 mL

NaOH = 015
(NaF () F- 4 jisall 4iaels ) JolSIL HF Gaeal) Jsai
All HF has been converted into its conjugate base: F~ (from NaF)
slall 3 Ly (o211 oy 1) (gl e Jslaall 55y Uil
So the solution contains only F-, which hydrolyzes in water:
F~+ H.O = HF + OH"

We use Ky for this reaction: Jeliil) 3] Ky aadins
K, = Ky _LOX107% _ 1.52 x 1011
PTK,  66x10%
mol F~

Fl=——
[F] total volume
Total volume SV paall=25.0+16.7=41.7mL=0.0417 L

— 0.00250 _ 0.0600 M
[F1= 0.0417
_ [HF][OH]
T IF]
Assumeu=_& x=[OH]
2
152 x 10711 =

0.0600
x=9.54 x 107
pOH =—log(9.54 x 1077) = 6.02
pH=14-6.02=7.98
F~ Gl gacldll ¢ Y1 #i0 NaF qlall (Y 308 Gac Jslaall o o 58S 41 xie ¢
So, at the equivalence point, the solution is slightly basic because the salt (NaF) produces
the weakly basic ion F~.

(9-15)

Mn(OH)x(s) = Mn*"(ag) + 20H (aq)
Ksp =[Mn*][OH =19 x 1071
Ksp = [x][2x]*=1.9 x 10713
4x3=19x10"1
x=3.6 % 10~ mol/L
[OH]=2x%x3.6x10°=72x107
pOH = —log(7.2 x 10°) =4.14
pH =14.00 — 4.14=9.86
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9-1) 1. Fraction ionized: ;o) ¢ 3all
a=0.059%=5.9x%x 10"
x = [H = 0oC = (5.9 x 10)(0.10)=5.9 x 105 M
For the equilibrium: Gl Jelal
HX = H"+ X"
o X @ (5.9 x 1075)2
@ [HX] C—x 010-59x1075
_348x107
¥ 70.09994 >
2. 100 g solution = 100 mL = 0.100 L.
Mass of HCI in 100 g solution=1.0 g (aeall 48
Moles HCl = —- = 0.02743 mol paaall Y g 20
Molarity ¥ sl = 0'(??333 =0.274M
Strong acid EE-JEV-PEN
[H]=0.274 M
pH = —log(0.274) = 0.56
3. (CH3)sNH"(aq) TH20(1) = (CH3)3N(aq) TH30%ag)
pH =534 = [H] = 10-5%=4.57 x 10 M
X~ [H] =4.57 x 10 M
Initial salt concentration: zlall Slaiy) 58 il
Co=0.150 M
Degree of hydrolysis sl 4a ) a—E—M—
g YAOWSIS = A= ™ " o150
o=3.05x10"°
4. [H]=[OH]=1.0x 10" M
Ky = [H][OH] = 1.0 x 10714
= L0008 o5 5 molt
[H,0] = 18 g/mol = o
moles dissociated  [H*] 1.0 x 1077
initial moles ~~ [H,0]  55.5
a~ 1.8 x107°
9-2) Since both are strong Lsdsaclis g f (e LS Of Loy
pH =2.00 (HCI) = [H] = 102 =0.010 M
pH = 13.00 (NaOH) = pOH = 1.00 = [OH] = 10" = 0.100 M
Equal volumes 4 sluie a2
compare moles per same volume paadl il Y sall 2o ()8
Acid moles aesll &Y 50 0 0.010
Base moles 32c1all &Y 50 < 0.100
Excess [OH] before dilution il J 2S5 Hagl) (e (il
0.100 - 0.010=0.090 M
After mixing z %!l 2 (volume doubles paall caclialy)
[OH J(tnaty = 0.090 / 2 = 0.045 M
pOH = —log(0.045) ~ 1.3468
pH = 14 — 1.3468 = 12.65
(9-3)

(CH3);NH" + H20 = (CH3)3N + H30"
[H:0"]=10"34=4.57x 1076 M
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% hydrolysis = (4.57x107%/0.15) x 100
% hydrolysis = 3.05x107> %
9-49) [H]=102=1.9999 x 10> M
CsHsNH* = CsHsN + H*
Initial (&¥): [CsHsNH] = 0.25 M,
let x=[H]=1.9999 x 10°*M
[CsHsN] =x, [CsHsNH*] = 0.25 — x
_ ([GsHsN][H']) x*
2 ([CsHsNH']) = (0.25 — x)
(1.9999 x 1073)? _ s
Ka =025 _1.9999 x 103 ~ o1 > 10
Ka x Ky =Ky =1.0 x 107'# (at 25°C)
. K, 1.0x107% _ 10
Ky, (pyridine) = K_a = Te1ix 105~ 6.2 X 10
9-5) H2S04(aq) + 2NaOHaq) — Na2SOasq) + 2H20q)
Neacid 1,50, = 0.126 mol-dm™ x 0.0357 dm?3 = 0.0044982 mol
Moles of NaOH required (2:1 32e1all (e da 33U &Y sall 22e):
Nebase) = 2 % 0.0044982 = 0.0089964 mol
Concentration of NaOH sac ) 3K 53
n 0.0089964 _3
= V = W = 0.3599 mol.dm
(9-6) pH=4=[H]=10*M nuy=0.010L x 10*=1.0 x 107° mol
NaOH: pOH=5=[OH]=10°"M
Y sall (e 20l 13gd Bac 8l (e p 5P aaall
Volume needed so that moles of OH = 1.0 X 107¢ mol
n 1.0 x 107
V_[OH‘]_ 105 =0.10L =100 mL
9-7) First use the given NaOH solution to get Ky at 40°C.

40°C xie Ky, e J sanll sUanall s2c Gl Jslae Y 5f aaiin
pH=12.00= [H']=10"2M
Strong base (4258 3228): [OH ] = 0.038 M
Kw (T =40°C) = [H"][OH] = (1072)(0.038) = 3.8 x 1074
For pure water at this temperatures_l_all (e 4a )all 238 2ic &l cLall
[H] = [OH] = (K)"”
[H]=(3.8x10")"?=195x10"M
pH =—log[H"] = 6.71
(0¥ (Jolaie J L asSls pH < 7 Slef 30 a cla o die Jalaiall el
(Neutral water at higher temperatures has pH < 7; it’s still neutral because
[H]=[OH]
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Chemistry Laboratory Safety ( Student Guide )

g 6% 5a% 0K 8 A8 it dul g ene s alata 1L A3
EINEY CA\ c'é‘)‘;laij\ laa Ll (Jaadl Llad s il
(aall AlaeYl Ay pudl AU Mxiuls oDl
sLaasll J sati calaall g 55 £ Ll 5 A8 51l lanas o 5301

Jad s (al alat Y dgleall

Laboratory safety is a learned habit and a shared
responsibility. In every experiment, think in this
order: plan the work, control the hazards, protect
yourself and your peers, and be ready to respond.
When you prepare ahead, use PPE correctly, and

follow your teacher’s instructions, you turn practical chemistry into safe,
meaningful learning.

Safety rules and procedures D) cilp) ja) g 2o 6B
Preparation before the lab Al 8 alaia) (1

Sle S se dabe (JuiEU AE AET 3 ge) Al s bl e G gll) o
Do 0 A 5 Joail il saSlh 3 21 A3 A A8 5l Clans) oSl el a5 (A saane

@R

LS dallae sae 5 g oall Asllay/iglid y Aol (30 s el Ae MSe L)) Gl e

Ll O sl a8 jlsall e a5 e ) shall  jlaa s Y CalansYl g

Sl Jaal Aduid) ) ) sensYI J s cdacalacadll Gadlall s pedl) i g dilas 213 35 ) @

ey llee il eladas yal el a7 ja 5l 48 Cluse/ 5 y/als dlea Sl CulS 1Y o

ibgll aludlllg aglell sliualgl

Read the activity beforehand; identify the hazards (corrosive, flammable,
toxic, oxidizer, compressed gas) and the controls you will use (PPE, fume
hood, quantities, segregation, waste route).

Find and know how to wuse the eyewash, safety shower, fire
extinguisher/blanket, spill kit, first-aid kit, and all exits. Practice the path
you take in an emergency.

Wear closed-toe shoes and secure long hair and loose clothing; remove
dangling accessories. Bring only what you need to the bench.

If you have a skin cut, sensitivity, asthma, or wear contact lenses, tell your
teacher so your task can be adjusted safely.
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Personal protective equipment (PPE) Luadl &) 408 o) clana (2

s Ahe dlge Caad e Al ) Alasl B30 A gl Adly s coliad) e
Ul (50 - Clala ) 5l Jaras/Cpais/gd

Calara g1 1958 Jue /3 AUl mhass e 1y alaSY) (3 €aSah yride Calare zaal) o
) sally &3l

oLc\)A &e - de\ dﬂ\;..d\ eLMS CJ..A.\ d.\).\.\l\) palall 4.7.\.\.‘::1 4\.1...»\_\40 a.ab\sﬁ u‘é-m °

i sl sl a8 3l S el U (ol S L el
Al el (il

e Eyes: Chemical-splash goggles are required whenever chemicals, flames,
heated or pressurized systems, or glassware are in use—no exceptions.

e Body: Wear a buttoned lab coat; keep sleeves clear of the bench.
Replace/clean any coat contaminated by chemicals the same day.

e Hands: Use gloves compatible with the chemical (nitrile suits most
aqueous solutions; check your teacher’s table for exceptions). Change
torn/contaminated gloves immediately. Do not touch phones, door handles,
or taps with gloved hands.

Professional conduct ) dgld) (3

A.UY M\Q\WJ&\@MJ&A}JU&Y\ M‘JP}JMJAC\ [ J
..L:s.m]\ o\J\ d-‘uuu\-eﬂ\-j BERA| eja.u.u \}Ij J\j.d\

Ac sias Lz eaadl e ol Jlal 5 o g elil) e Lea 5 5 shadll agd aey 2l Tl @

e Work only under teacher supervision. No food, drink, gum, or cosmetics in

the lab. Never taste chemicals and never mouth-pipette—use a pipette
filler.

e Start only when you understand the step and the reason behind it. If unsure,
pause and ask. Unapproved “experiments” are prohibited.

Safe Chemical Handling Librassl) 3) gall pa (1Y) Jalacill (4
a}.udua.’\.ﬂ\duy Lssdnbh}uufdmkﬂ\)s\ (:\J;Ju\).[\edcmu\yﬂ\dxc\ °
g_)w’_ﬂ\ dSJMAU‘:S;J}\J\SJLﬁ: ‘UJM‘
LLETTLY) (i L\L.J\/zsuﬂ\/s}w\ 3 gall 5 5209 au\js e;s:m\ -LBALMJU 5,5 e
é;i}@m%da\e&u\dﬂ\}gb\i&d\}g@ﬂ&\%L@\;JMM@N\J\}A\ °
155 Gyl
AT 5 ALY a3 o ) g Ay gaanl) 3 gall g 3 5 e Leliad) A lill/ClanS 5all o
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e Keep bottles closed when not in use. Read labels twice and take only
what you need. Do not return excess to the stock bottle; share or dispose

of it as instructed.

e Fumes and dusts: Work in a fume hood for volatile, pungent, or toxic
substances. Avoid inhaling vapors or powders.

e Corrosives: When diluting acids, add acid to water, slowly, with stirring
(never the reverse). For small acid/base splashes on skin, rinse with water
for at least 15 minutes and inform the teacher.

e Flammables: Keep away from flames, hot plates, and sparks. Use the
smallest practical quantity and recap promptly.

e Oxidizers/reactives: Segregate from fuels and organics; follow the
specified storage and order of addition.

Glassware, heat, and electrical safety sl gl 93 ) padl g clala 3 (5

A L a5 05 8 3 Ul 5 Ut Y5 ) g g a1 mndl o
Aalall xie Gl IS ALE) adadll Jeal

G oy bylall daglie il Uaile aadind QAL zla 3l g yiay Jalai o
Ol U AY) (e g elie 1y JLEAY) gl A 53 a3y Leli Jd 5 50 (53l 5all 5
oLy

e Inspect glassware for cracks; do not force glass tubing through stoppers
without lubrication and proper technique. Carry one piece at a time with
two hands when appropriate.

e Handle hot glass with care, use tongs or heat-resistant gloves; allow hot
plates and crucibles to cool before moving. Point test tubes away from
people while heating.

o Keep wires and hands dry; keep liquids away from outlets and switches;
switch off gas and electricity when not in use.

Organization during the experiment 4l oL adati) (6
z el LS Gl el s il aall o Tumy sl a5 o) e e Lils o
bl ShaLE ) 38515 52 Wity

a5 ctlond ) lglal) e ) cpuall (5 e 38 ligla B ESE Yy i Y e
LQ\)LA} GLQ‘}:\S‘)E} aaldl)

e Keep the bench organized; store bags away from aisles and exits. Clean
permitted minor spills immediately as instructed.
99

ibgll aludlllg aglell sliualgl



See, _Lees \/:y .
%ﬁ gouLy
=il alig 290 NSMO

Ministry of Education Mawhiba

e Never pour to or from containers held above eye level. Label temporary
containers with your name, chemical, concentration, and hazard.

Waste and decontamination S 3tal A1) 3) 9 Alial) (7

daladall clglall aadiul am gl V) Aduaadl B4 dla o s oY ses g)sn YV e
) 9.usSAl\ C\A)S\J i 9...an | olalaal | g ATEH|] QJ\.&A\ ij\j cdc\}ﬁ\/u.'a 94;3!

St ) ol 3 & 30 ey Ul el ol 81 Calas cel o SKI/elall/ Jladl ¢ ahaf - eletiY) dic o
ol R 3 T 3 D
il Al alxall (Sle ) axy V)l jUail) 2125 Y 5 Al 20 saal elall 5 () sibally el

e Never pour unknowns or solids down the sink unless you are told to do so.
Use designated containers for acids/bases, heavy-metal salts, organics, and
broken glass.

e End-of-lab routine: shut off gas/water/electricity, clean glassware, wipe
benches, remove gloves, wash hands with soap and water for 20 seconds,
and remove goggles only when the teacher declares the lab safe.

Emergencies—act early, stay calm Galy (gl g 4ol - ;) skl (8
15 324l elally Caladl ¢dadlad) (33 f cpall Al )15 58 45 55 s aladl) e /cpiad) B30 o
edaall a5 €23 3Ll QusSLall J 51 ¢ il dad
zoads g el Jaidl de  (masklaaal 435 aul) PASS AN idia e
Al ddle ) allal & (3 yall dlday sl
c».'ab O guas dﬂ (k_lg‘)A ‘)...\.c k_I.GJ ‘:\:’}5 :\A.i\) “_ﬁs.uu\) \j).L; U'_\.L;\}[ \J! (u§) 3ld o
e Chemical in eyes/skin: Go straight to the eyewash or safety shower; flush

with water for 15+ minutes; remove contaminated clothing; call the
teacher.

e Fire: Remember P.A.S.S. (Pull-Aim—Squeeze—Sweep). For clothing fire,
stop, drop, and roll or use a fire blanket; seek medical attention afterward.

o Spills/breakage: Alert others and step back; some spills require
neutralizers or special absorbents. Dispose of broken glass in sharps
container only.

e (STOP) Rule: If anyone notices a hazard (spill, strong odor, unattended
flame), clearly say (STOP). Everyone pauses until the situation is safe.
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Basic Chemistry Laboratory apparatuses Lpuleal) £Laassl) pida ) gl
Beaker daaal) daala ) (ulsl)
u&hﬂjm‘jm‘)ﬁdﬂb)h‘dﬂﬂ\&}uﬁﬂ\w\} eLCcLG}

LG8l

General-purpose vessel for holding, mixing, and gentle heating; graduations are
approximate (not for precise measurement).

| Graduated Cylinder Zotall Jldal)
o 6 siay s JaE Jand die 3ol jall 3358 (SN (e el 88y i) sl alaal il
; ol

Measures liquid volumes with higher accuracy than a beaker; read
the bottom of the meniscus at eye level.

Conical flask Rl (3,9l

uSmuSch\umuﬂeM} cJ;.uS\dSs.\“_a\S.m\ u}dd}\ﬂ\d.ua.\ﬂa_m\_m
313 ad Aalal) die Gpaa ol il S (UJSs/m.LL}aA) danlia Balay 483 ) alSa)

paalldads il d

Suitable for swirling without spillage, reduces evaporation, and is
used for moderate heating; it can also be tightly sealed with an
appropriate stopper (rubber or cork) to attach tubing or a probe when
needed. It is not a precise volume-measuring device.

Round-bottom Flask ¢ 980 Gl

&j)}.\ ng)ﬁ\dﬁ ¢ yalasil) c(Reﬂux) EMJY\ cwdw\u.\';uﬂﬂem

— M&MM} Jalall e Giall die e i cg}wb ng\);j\ JL@A‘X‘
IT M&J}\@Jemww ‘U}LH\L;QCMJX\LQ‘UJJ\J:’JQU/UJS
bl el Jay paaas

, = Used for uniform heating, reflux, and distillation; the spherical
q-&a-mi body distributes thermal stress evenly. Clamp by the neck on a
stand and support with a cork ring when set down. Prefer an oil

bath or heating mantle over a bare flame.
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T Test Tube JEEAY) gl

el e Jalan @l g ddan )l Gl aal 58 jraa Gl Gyl o) jaY
Boloall a5l Al s

For small-scale reactions and quick comparisons; heat with a tube
holder, angled to distribute heat.

Watch Glass delwdala;
— e g el sl s e land) aa ol SV Adani g 68 ysha CiliaS il
( ) 08 e dolia ) 5

_——  Used to evaporate small volumes, cover beakers while
allowing gas exchange, and hold solids during weighing.

T" Glass Stirring Rod el jaill Lala § Gl
a3l ik Sy ecalan) Gl sl et CSll a5 (el jaill
ol

For safe stirring; directs liquid flow "down the rod" to reduce spills and
| can scratch glass to induce crystallization.

Funnel + Filter Paper rdi i (B9 + pd
it g ala) el YV 5f (5l B ¢adlally o il Jilay/cila Jaadl
Funnel — .QLA:LMA.AJ‘ k._if)_“ﬂ

For solid-liquid separation by gravity filtration; wet the
paper to seal and prevent particle bypass.

Wire Gauze Cndadi A4S0

Oa ala 3l s 55l ) i Al Ailal) 58 m
(SEA Somlle) 4 all daall
Put on a ring to diffuse heat from the burner and protect

glassware from thermal shock (often with a ceramic
center).

Ring (Retort) Stand + Ring 44l aa Jda Jala

157 G clalaud) f cilals 3l ab s clliall s clElal cudil ol ) il o 218 5306

- SR—

Heavy base with a vertical rod to hold rings/clamps and elevate
glassware or burettes above a heat source.
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Burette Aalal

QA Gl cf al plaall 8 5k 5 k8 CadlSl Juayy dady (uld sl
Lanays o 0.01 mL ) Cnad) (5 sty 3ol il 2255 cmaill jaial oJshaally
ol axe (e @l aa ) srinally Gl )

Precision glassware for dropwise titrant delivery; mount vertically,

condition with titrant, set zero, read meniscus at eye level (to 0.01
mL), control flow via stopcock, and verify no leaks.

Volumetric Pipette doanal) Lalal)
, (-;.u} cMM\A&a;\ﬂ\McdﬁM\gm.@b I\_Zm dJLuM L\}a&h}.\
b 8 O Adlall Jilud) oy sl

A single, highly accurate volume of liquid is delivered. Fill with
the liquid, set the reading at the calibration mark, and allow the
liquid to drain with gravity without blowing out.

Graduated Pipette da sl Lalall

Aadlall s Adlally Co Bl & be | jall Jasal o Sl ¢ddan sie 8y alaa) (e (520 Jas

‘ uﬂ\dﬂmmﬁg\)ﬂ\hi@c@.ﬁujj
Delivers a range of volumes with moderate accuracy; fill and set the

reading, then allow the liquid to drain to the mark by gravity without
blow-out, reading the meniscus at eye level.

PR B

Bunsen Burner O 28 ga

el yual Gel oy ol sel) Sl ¢l sl 5 Jlall Jaray oZad ag i
alall by A ddd xie ) e el o me e ()l Ul amiaialy 5
Luscal 5 et ALEN Cilpdall aagl ccagall agiaill 5 ay el Cpall anlie

<l )50 Sl gl

Controlled flame heating via gas and air adjustment; less air
— cooler yellow flame, more air — hot blue flame with the
'r hottest zone at the tip of the inner cone. Suited for quick

,, -~ heating/light sterilization; keep flammables away and tune for
el ’
— steady blue flame.

Laboratory Thermometer Grda bl A Ol
053 B A LS ey (€305l cpsttl) oL Tl 51 08 pud) 5 ) 5 i 3 (il
| ele gl las dadle
| Measures temperature of liquids/mixtures during heating or cooling; read
| after stabilization and avoid contact with vessel walls.
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Pasteur/Dropper Pipette 5_dad

(o) Clalall e 48y J8) By s ek ye 3 pia Ol UGlads (il s ddLY

For droplet-wise additions of small, non-calibrated volumes (less
precise than standard pipettes).

Lab Spatula/Scoop iida dGals
() Talall sl o8 5 Al Lgmpan 5 LedaliS 5 5 ysa dolia 3 e Ja

Transfers small solids, scrapes/collects powders precisely,
- and can be used for light mixing.

Petri Dish SSh (b
Cand gl dadall clallde ) ) 3 Clad elag 33 Saall Q8 rhansa sle
Lé;é} czuA;ML_'Q})L.\eM (Jhi)lﬁ\lcku}iésa)mu\_hs

e / I> u)U\dAMM\;Lu\C}mu@;M\

\-...Eﬂ,w/ A shallow, flat lidded transparent dish for culturing

microorganisms or examining small samples on growth

media (agar). Use under aseptic conditions; keep the lid partially covering during
handling to minimize contamination .

Test Tube Rack S8 Gl Jals

ar sl ddaadldl ¢ ucanill ol LaAY) bl dadaie Cud daie
Aa) bl 5 ) siall Jaadl Jan s ALK 5 jail) aiay ppdinal)
Joall il dnbaSl) o) gall o slae Sl rdagal)l cus Jalall 33k

5 ”
é. - An organized stand for holding test tubes during
setup/observation or after heating; prevents rolling and
spills and enables parallel work. Choose material by task: chemical-resistant
plastic, wood for thermal insulation, or metal/wire for added stability.

Test Tube Holder (Clamp) JLSa) il dlala

G e el (Jall g paall oL BESY oY doa i K 3al
Sload ae oDl 5 da gl (e Ry V) o8 43 5h5 (sl da 8
(el llal) ity il 5 5 Bl 5 Ulad aglll e o giY)

A single tube gripping tool for heating or carrying a test
tube; grip near the mouth, point the opening away from yourself and others, and
move the tube back and forth through the flame to distribute heat and prevent
bumping.
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Test Tube Brush ) audats 3L

).\;\ ‘@\)Luf}“ uh;l;‘)l\j k_LuLI‘).;\ &J.\L.ul élw ua.\s.m c\.u)&
&N\Mg_u;.\} c@\d gujumujaamujahuj:u chu\.a.a\.u\&a
el Clala 3l ]

e Wire-handled brush for cleaning test tubes/cylindrical
; glassware; match size, clean gently with mild detergent
and warm water, and avoid scraping or calibrated ware.

Mortar and Pestle Bty G

cJFLMAS);eM\ éxjm)mmu\ .J\}J\MAJGMJUAMD\J\
k us;juk.\jcddw\ujm\ddwd\yudﬁbb\um;cd‘)u\t_ua.!j

- e\da.u.n‘}(.\ Axa 5 J.uL\A

Tool for rapid, controlled grinding/crushing and mixing of solids.

Use press-and-rotate motion, avoid pounding, dedicate sets to prevent cross-
contamination, and clean/dry immediately after use.

Evaporating Dish with Lid sUad aa pdyidlda

@4‘9-3 oslill g il e &e sl gyl Cadat g Jallaal) /).\A.L\jw..” ele
A 3 Jlabyy Lao)d Ay OB # 5 a manl Sile slaall
Jail) vie Jaslally dliadd g ¢ppaul) £ L) Aadde ) ?Sa_\i Yo A

Used to evaporate solutions and dry precipitates while

minimizing spatter and contamination. Rest the lid ajar to
vent vapor; heat gradually—preferably over wire gauze. Do not seal during
heating, and handle with tongs when hot.

Digital/Electronic Balance FIAS) O e

Aadlall il 5 < 31 Fa YTy <l Ll (iad cele gl jhoa -d8a KN Wl

e el el bl el g

)’i »Z, Measures mass accurately: tare the container, avoid
T drafts/vibrations/warm samples, and record once stable.

Hot Plate S O

Glala ?M‘ Jleiidd sl «_\Lu.AAﬂ alia ‘«.\@J eSA.\AuM
)\LY\MSMMQJ\MY‘,‘}MGE“UJL}aJ\JJM}\AA

\/ «  Flameless, controlled heating is safer for flammables. Use

\*@/ heat-resistant glassware on a flat surface; never heat-sealed
containers.

105

ibgll aludlllg aglell sliualgl



TTTIT TR ()

&P
i 090
Mawhiba

pul =il d)ljg

Ministry of Education

Laboratory safety symbols

Q-OLLY
NSMO
widal \QBLM\ Jsay

Caasl L) e Caua gl LSl
Description Safety symbol Description Safety symbol
el 3B A3a 3 ga g il 5la Gl ghad oLl Cay
O 1y yuia A gall (po Galddl)

Organisms and biological
materials that may cause
.harm to humans

)

G

You must follow the
proper steps for
disposing of substances

Alall = o 38 sals <l gl
Sharp tools that may cut
the skin

Y

Gy Alall (3 a3 38 oL
sl Lgia g ol Ledsloa
Objects that can burn
the skin due to extreme
heat or cold

:\.\31.7)453\ /// 'SJS,}Y\ e . 2l
A ) N Potential risk to the
Potential risk of electric )
shock respiratory system from
fumes
e Jelii (S Aa ) 50

Chemical substances
that can react with tissues
and other materials and
damage them

Substances that may
irritate the skin

Lea y2d die JlaidS A4S o) ga
sooall 5l a5 el
Flammable materials

when exposed to flame,
sparks, or heat

Croal gl AT
Substances that cause
poisoning if swallowed,
inhaled, or touched

owSkall ads Ol Sas 3 5a
Ll
Substances that can stain
or burn clothing

Gy 38 s gide elll & 55
&)
Leaving an open flame
may cause a fire

Safety goggles must be
worn

Laiie Alaxiosall 3 gall
The materials in use are
radioactive

) gal) LD e X8
) b
Ensure the safety of
animals in the laboratory

1 HE[E K

Lol any ehy Jue )
Osball 5 slally
Wash your hands after
the experiment with
soap and water

AEQL D
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Analysis of Commercial Vinegar experiment ¢l JAN Julas 4y i -1
oy Cisg)
@5 e\d@hﬁﬁﬁ\@uu&aﬁcﬁ‘)\aﬂ\dﬂ\Gadgu\um:\.g_)quﬁﬁ
r ‘l LCnfial gl Jaby g il o g0 seall 20 5 0 J slaa

| = Purpose

Determine the molarity of acetic acid in a commercial
vinegar sample and report its mass percent, using a provided
standardized sodium hydroxide solution and phenolphthalein
~—— as the endpoint indicator.

——

[VINEGAR)
ey

<) 9ol g i) g<l)

. 0.10 M ~ (bl 2 500 seall 2S5 ha0 J sl

oaida

(1%) oadtal suall s

ki la

(alal) vie alaill) 10 mL As e 4l shaud ¢(clidia s Jala +) 25mL Aalas
Aualall Alle 20 2,00 ML dpeas Alala

3 d3Y e base (125-250 mL) sk s saa (3)) 50

bl clay Jue Aaln

. 2\_1“)43“ d:mtm ct'"_ﬂ:iu.'i ;\.c} }i u»ls

Provided Reagents and Materials

e Standardized sodium hydroxide solution, ~0.10 M (exact molarity
provided separately).

e Commercial vinegar.
e Phenolphthalein indicator (1%) .
e Distilled water.
e 25 mL burette (+ stand and clamp), 10 mL graduated cylinder (for rinsing
if needed).
e Volumetric pipette, 2.00 mL, with pipette filler.
e Conical flasks (125-250 mL), at least 3 .
e Wash bottle with distilled water.
e Beaker or waste container, laboratory tissue.
Al cilaglas
Al U g Calara 5 481 5 il i 3 )|

[ J
sl il uadli (5l 1558 Jud ) 623 5K B3le o 533 gaall S5 )08 @

QU (PP NOSCI Po L S-S S PUEWA [ DU

Aalid) Gyl esel 5 Clala S 5 0

Aalid) 8 T sk 48 55 Y 5 Adlie NaOH dals ) 311 :CO, pabaial Q&5 o
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Safety
e Wear goggles, lab coat, and gloves throughout.
e NaOH is corrosive; rinse skin exposure immediately with water.
o Fill the burette off the clamp and below shoulder level.
o Keep glassware stable; wipe the burette tip before each titration.
e Minimize CO: uptake: keep the NaOH bottle closed; don’t leave NaOH

in the burette longer than necessary.
Bslaal) U8 La cilia gad

L3l &5 k@l NaOH Jslaay dalad) nfcahall o
(3-1) Sl &l shaalldnha g jha 3l 0 A3Dple @

Pre-Titration Checks

Rinse/condition the burette with standardized NaOH, then fill it.
Label three clean conical flasks (Trial 1-3).

(AN <Y glaall) cllml) yudaas

ol 8 (AL ey iy 3-2) JAlL Apenal ALalll Caladl 53 53 Aapua
s (3550 IS N JAY (2,00 mL J81 2,00 mL dale aladiul;

s ;)A Olaal (3590 IS Hhade ¢l 25-50 mL~ ol
LCllGal gl e ol ylad 3 Caal

Sample Preparation (Three Replicates)

Good practice: Pre-rinse the volumetric pipette with vinegar (2—-3 small
rinses).

Using the 2.00 mL volumetric pipette, transfer 2.00 mL of vinegar into each
labeled conical flask.

Add ~25-50 mL distilled water to each flask for adequate mixing.

Add 3 drops of phenolphthalein indicator.

(Z\JJIA.A JSI) 3 laall

.0.02 mL 8 Aaiy) sel il Jaos adils (o plall st g Aaliid) cnd 5y sall o @
2050 Gl Al ey die Jhaall 82 g ol Tl paiie dly 23 0a NaOH — e o

<aalll
Al 30 Al a5 (uilaie caaly 53 )5 sl ek in sl b ki sacldll caal o
. NaOH aaa a4l 3e) 3l J3 @
.0.05-0.10 ML~ (san alaa¥) G of Jlad) cpidall Giiell 595 o

Titration (Repeat for Each Trial)

ibgll aludlllg aglell sliualgl

Place the flask under the burette; lower the tip into the flask. Record the
initial burette reading (to 0.02 mL).
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e Titrate with standardized NaOH with continuous swirling. Begin faster,
then reduce the rate as a faint pink starts to persist.
e Add NaOH dropwise until a uniform, faint pink persists for ~30 s.
e Record the final burette reading (to 0.02 mL). Compute Vwion by

subtraction.
e Repeat for Trials 2 and 3. Replicates should agree within ~0.05-0.10 mL.

cilibuall

.0.00200 L=2.00mL =dxll aax
CH;COOH+NaOH— CH;COONa +H,O  (1:1 4msi) Jeldilldalas o
Al e U<
saclall &Y e 22 n (NaOH) =M (NaOH) x Vi (NaOH) e
aaall Y g dae =32l Y sa 222 p (NaOH) =n (acid) e
uasall 5 ;¥ gl 35S 53 M (acid) = n (acid) / 0.00200 e
:60.05 g.mol ™! = 4 sall AL 5 1,00 g-mL! = 48U il 5380 (m/m %) AdiSl) Al
2.00 gz atallAli o
uaaall A m (acid) = n (acid) x 60.05 e
o3 Al J dae (8 sl 4K il m/m % = ( m (acid) +2.00 ) x 100 e
Calculations

e V (vinegar) =2.00 mL = 0.00200 L
e Reaction (1:1): CH;COOH+NaOH— CH3;COONa +H,0

For each trial:
e n (NaOH) =M (NaOH) x Vi (NaOH)
e n (NaOH) =n (acid)
e M (acid) =n (acid) / 0.00200
Mass percent acetic acid (m/m%) (assume density = 1.00 g-mL™),
M; = 60.05 g.mol ™ :
e Sample mass ~2.00 g
¢ m (acid) =n (acid) x 60.05
e m/m % = (m (acid) +2.00 ) x 100
cadatil)

3

aiadall sl gl 8 el Caa
2 st ) stinal)y Do 334 5 i sy Aaliad) it

Clean-Up

e C(ollect waste in the designated container.
e Rinse the burette with distilled water, store inverted with stopcock open.
e Wipe the bench and wash hands.
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L@.S...\.Aa.ﬁ @'.'\,3 gﬂ‘ bl

A glae J< AalEd) Al 5 i) calel )

A gae IS (ille) V (NaOH) 520l pna

bl Jas gidll g A slae ST M (acid) giaasd) 38 53

bl T 5l 5 Al gl (KU m/m% LAY s G

IS Cllaall el ana )5S 5% = (a3 9ai G35 NaOH = 0.10 M xS i 1dgles diada
dalall 550 25 mL Lo Aalis JA = 30 1385 ¢16-17 mL 48 2.00 mL L Zie

Lt sale Y

Data that is recorded

Initial and final burette readings for each trial.

V (NaOH) (mL) for each trial.

M (acid) for each trial and the average M (acid).

Mass percent acetic acid (%om/m) for each trial and the average %om/m.

Practical note: With NaOH at =0.10 M and typical vinegar at =5%, the titrant
volume required for each 2.00 mL sample is about 16—17 mL. This fits
comfortably within a 25 mL burette without needing to refill.
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Experiment to determine the Percentage of Sodium Bicarbonate in a Mixture
aagll

L NaHCOs sl 5 AL A sl Bl (o
s (el o J3) NaCl s sl 2558 Gl 5 sing ol
e e Al Je i i 53 i) (CO2) (380 4w 8 e AL
A_ul_uuﬁ\ Gllall (38 s NaHCO; A ‘_A\ CO, S i gad & a YO
(e 550 siull)

Purpose

Determine the mass percent of NaHCO:s in a solid mixture
containing NaCl (inert to acid) by measuring the mass of
CO: released upon reaction with dilute acid and converting CO2 mass to NaHCO:s
mass using chemical stoichiometric calculations.

<) gl g i) gy

(U 5432 NaHCO; 4as) NaHCO3/NaCl (e i (g sakae (ala il

(a3 35 imal daw) HCL ~0.50 M —iada s 5 oue (e

G s Al Calaill e el

iy e i sl 385 5l Aol dals 5) Mik st e (125-250 ML) (s e G
(o

L )35 aeall ddlza ol jUad/culiala

(dmdl 40,01 g 48 Sl Gl e

el el a8 6l ise Jabie cala (s By @

Indicators and Materials

e Finely ground NaHCOs/NaCl solid mixture (unknown NaHCO:s fraction).

e Dilute HCl ~0.50 M (household vinegar is an acceptable weaker
alternative).

¢ Distilled water (to rinse down flask walls).

e Erlenmeyer flask (125-250 mL) with a vented cover (watch glass or pin-
holed foil).

e Droppers/Pasteur pipettes for gradual acid addition.

e Electronic balance (resolution £0.01 g or better).

e Dry weighing paper, lab tissues, waste beaker, stand.

dadld) Cilalas
slally 1558 dpals dadle (ol Jue ) Sl e 30 HCL @
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Safety

Wear goggles, lab coat, and gloves always.
HCl is corrosive - rinse any skin contact immediately with water.

Carry out reactions in a flask loosely covered to vent CO2 and suppress
splashes.

Avoid direct inhalation; ensure good ventilation.
sal) 38 La cila 3&7

(RS o a3a Ay s ) haala Sl pes s o
(tare) aall lasal 5 gl mhans e )l a0

(003 iy o gria ol 336 ) 5 Aol dals ) 2l cUnall jlas @

Pre-Test Checks

Dry all glassware (moisture biases mass readings).
Level and tare the balance.
Prepare a vented cover (watch glass or pin-holed foil).

(B Ao il ) 8 EDE) Cliind) yudaal

s 005 Bus Gle msample = 1.50-2.00 g Ldall (e 2K 5 o
(125-250 ML) Sla s 3a 350 N Asiadl Ji) o

G Jae 23 il el ja3 aa 5l Uay 5,5 HCT ~0.50 M (x 15-25 mL = sl o

.".J ;1) ..

Sample Preparation (= Three Replicates)

Weigh m_sample = 1.50-2.00 g of the mixture on dry weighing paper.
Transfer to a dry Erlenmeyer flask (125-250 mL).

Add = 15-25 mL of ~0.50 M HCI gradually with gentle swirling; cover the
flask vented.

(3{9\;4 Jsd) 1Y)

Alanyy) Al m_initia] a5 O el e gUazl) 4+ Aal) 4 (3 gal) = Ay Al o
hia ela il 400 Gl aal) Caladl (COR) Oy sil) i gy a5 ylad byl jmanl) Coal

Al Wy ol Lalany
(B lelad ) Jelal) Jlad (g KUL paasd) (e dudloa) ol jlad Caal o

Aaill) A<y m_ﬁna] Ja 33 (s 60-30 z) el yall ) pEi) ol g ¢ Jaaliag GJ&\ C..um\ °

sl (el 38 yiana (adh ((§) gll (i) Aliall 050 ABiUae 4y jaS 2T 4 ¢ ) Ll
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Procedure (Per Trial)

e Initial mass: Flask + sample + cover — record m_initial.
e Add acid dropwise until effervescence ceases (CO:). Rinse down walls
with a little distilled water.

e Add a few extra drops of acid to verify completion (no new bubbles).

e Dry the outside; when stable, record m_final.

e Blank (recommended) - clear definition:
The blank is a matching run without the sample (same flask, same acid
volume/concentration, same cover and time) to measure mass change due
only to evaporation/splashes. Compute as follows:

Am blank = m initial(blank) — m final(blank)
then subtract it from the total mass loss to determine the mass of CO- only.

e Repeat for >2 more trials; aim for £0.02—0.05 g agreement in m_CO:x.
cilibual)
NaHCOs + HCl — NaCl + COz + H20 ;480 Alalal)
22 g8aal) Hlall Al o
Lilall A Am blank  — (Al A g — A3l Al g ) = el A< m CO,
n CO; =m CO»/44.01 (bl liluall) &Y gall 22 @
n NaHCO; =n CO, :(1:1 Zous) Aileasl cliliall crung
m NaHCO; =n CO; x 84.0066 :Aimll & lis Sull 4SS o
100 x (Al ALS + NaHCO; A ) = A0S 4 giall il o
% NaHCO; = ( m NaHCO; / m sample ) x 100

Calculations
Reaction: NaHCOQOs; + HCl — NaCl + CO: + H.0O

e m CO, = (m initial — m final ) — Am blank

nCO,=m C02/4401 = n NaHCO; =n CO»,
m NaHCO; =n CO, x 84.0066
% NaHCO; = ( m NaHCO; / m sample ) x 100

'!tta!‘
Al Al a8 addl bl ele o, 8 dasaal) aldl) Jillaall o °
(25 : S 4 : 8 a2
Ledia g leibni g lad) sl cilbals 3l Gahhdl @
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Clean-Up

e Dispose of diluted salt/acid solutions per lab policy.
e Rinse, clean, and dry glassware.
e Wipe benches and wash hands.

gl 2y g;m bl

LAl A o final 283 AN o initial A8Y) AN ¢ msample Aall AL o

m_COz 4 guaall JGl S (25 ) Am_blank s psaal)

AT 4 gial) ) ‘m_NaHCO:s U g ySll Y g 220 ¢ n CO: Ol Y sed2e @

Aglae JIST%NaHCO;s @l s Sl
(31 AN )il Al (aes Ailia) () sl (e )) dolee ilbaadle

Data to be recorded

e m sample, m_initial, m_final, Am_blank (if used), computed m_CO..
e n CO2, m NaHCOs, %NaHCO:s per trial.
e Procedural notes (effervescence time, confirmation acid addition, reading

stability).

Practical note | 4les diada
Al day g il skl J ik sUag aladiul e

m_COz ~ Lu& selaiall all A ey m sample ~ 2 g Ly 4ill A€ L) o

ol Gl 0.3-0.6 g

AU Jelailld saan cile 8 jelat a1 1) ) (aes <l Hhad Caal (Jeléill ola A elill xic o
CO, S e adiey 0¥ Boaa iy luall (Bl ST 2500 HCT Ja 380 hasind Koy o
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P

Using a vented cover (watch glass or pin-holed foil) reduces splashing and
limits evaporation, improving mass accuracy.

Choosing m_sample = 2 g typically yields m CO: = 0.3-0.6 g, which is
easier to measure reliably on a £0.01 g balance.

If you are unsure the reaction is complete, add a few extra drops of acid: if
no new bubbles appear, the reaction is complete.

Household vinegar may be used instead of HCI for a safer setup; the mass-
based calculation remains valid because it depends only on the measured
CO: mass.
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Qualitative Identification of Unknown Solutions experiment
hagd)
Claalie e OV YL A sgae A8l Aile Jillae A5 2 g el
Ol aslal a1 385 il #1550 7 e die Adap

N Ailall A o) ¥ alaall AU, il (35 53 A5 e Jalall oy 51 i
RO LE O RERISF
Purpose
Identify the contents of six colorless unknown
aqueous solutions by observing simple qualitative
cues during pairwise mixing—precipitate formation, gas evolution, and indicator

color change—and justify the identifications by writing net ionic equations for
the key reactions.

<) gl g i) gy

AgNO3(aq), BaClZ(aq), Nacl(aq), NaZSO4(aq), NaZCO:”(aq), I_!:Cl(aq)
&;M@LS;LA...\J&J} c‘)LL\ ela

(A & 5all Lla) ol + (6) A% LRI ol

calati sLE 8 ccwlil Jala (&Y ja8 datada ool e/ juladt liala
Sl ele 5/lS

B8/ men QIS el gl (35 sl (kia)) %ol Cpllidl sid

Indicators and Materials

e Six unknown colorless solutions selected (unrevealed to students) from:
AgNO3(aq), BaClz(aq), NaCl(aq), Nast4(aq), N32CO3(aq), HCl(aq)

Distilled water; white paper as viewing background.

Numbered test tubes (6) + extra tubes for pairwise tests.

Dedicated droppers/Pasteur pipettes when possible; test-tube rack; brush.
Beaker/waste container.

Phenolphthalein 1% (optional) or litmus paper as an acid—base indicator.

dadld) Cilalas

5kl

AN jalias s el e 1 dwadial s Jii Jili 5 JsaS Glle il gl J olae
Sl o) Jaadie (S duzadll Ml a5 ¢y sl i (lSe 8 Jec ] @
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Safety

» Wear goggles, lab coat, and gloves throughout.

* HCI is corrosive; AgNOs stains skin/fabrics and irritates eyes - avoid direct
contact.

* Phenolphthalein solutions are typically alcohol-based and flammable: keep
away from ignition sources.

» Work in a well-ventilated area; collect silver-containing waste separately if
possible.

f-dgl\d,\éuébaﬂ

A 5 e/l s KU L& (e o sl 5 oY) ddldas e ST @

Jsene Jslae 5a 1520 mL = Leie JS 8 aaa s (6-1) il 6 a8 o
OSQY! a8 dlaiie <l el axiiul 5 ¢ AU Sall bl clil 86 e o
Zoal dsaa g Claaliall il )5 e @

Pre-Test Checks

e Ensure tubes are clean and free of residual carbonate/hydroxide.

e Label tubes 1-6 and place = 15-20 mL of an unknown in each.

e Prepare 68 spare tubes for pairwise mixing; dedicate droppers when
possible.

e Prepare an observation sheet and the mixing matrix.

SLAPER
(Dstaa IS 0 1-2 mL i) gz ) ie 4y slaiia 5 3 i Glaal aaiin) o
(g2l men A slu ey Guadll g1 (355 5l allia) 18 5 ki aladiu) (Say @
Al ) e Ol acbiat el ol gl asa st hs 30 e
Sample Preparation
e Use small equal volumes (1-2 mL of each solution per mix).

e Optionally use one drop phenolphthalein or litmus for acid—base
behavior.

e Record Immediately: precipitate presence/color, gas effervescence,
indicator change.

(il z) 951 7 3a) Al
Crai sde 8 lhalialy Jsaall Sl sl J€ 45 0 Jalladll zls B Cle i alaaiuly
(3l Sl ol )5S 13 ai A Caaill ST ¢ sl

Pairwise Tests

Mix pairs systematically and complete the table. Filling one triangular half is
sufficient; fill the other half only if repeating in reverse as a check.
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(Ol ados ¥ 2 S alrall) o gia A ) il L)
O pac Jolaa+ (3.;;2-\3 «LLcLEé) HCIl + Na.COs — COz(g) °
COs* (ag) T 2H"(aq) = CO2() + H20q

(HCI 5 NaCl (= Cl™ Jaas) (el casl y)Agt + CI” — AgCly) ®

Ag'aq)t Claq) = AgCly)
CO; 2ebal pa aeall o 5 B =38 il ) Agh + COs2” — AgoCOs) @

Ag'(ag T COs* (aq) = Ag2CO0s)
i3 e panl Gl y Ba?t + S04~ — BaSOus)

Ba2+(aq) + SO42_(aq) — BaSO4(s)
oanl il ) Ba?t + COs2 — BaCOs) o

Ba*(5q) + CO3* (a9 = BaCOsg
Key Cues (for teacher, not handed to students)

e HCI + Na:COs; — COzy (clear fizzing) + colorless solution.
COs* (aq) T 2H(aq) = CO2,) + H20yy)

e Ag'+ Cl- — AgCl, white precipitate (from NaCl or HCI).
A g T Cl g = AgClyy)
o Ag'+ COs* — Ag2COs) (off-white; dissolves with acid, releasing CO-)
Ag'aq) + CO5* ag) = Ag2C0s)
e Ba* + SO+~ — BaSOs (white precipitate, insoluble white).
Ba*(aq) + SO+4* (a9 — BaSOa,
e Ba* + COs* — BaCOs) (White precipitate).
Ba*(5q) + CO3* (a9 = BaCOsy
VY g Jala)

SO+ g Ba?* L—’ﬁ BaSO4(S); ‘(H+/CO3_2) C}) S CO2 Aol C—’\-AML.’ i-\—.‘\ *
Cl vas g Agt a5a s iy AgClg)s
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Analysis and Inferencing

e Start from decisive cues: CO2 (H"/COs?> pair), BaSOa(s) (Ba?" with SO4*"),
AgCl) (Ag* with CI).

¢ Build a reaction fingerprint for each tube by comparing its responses to all
others, then assign identities.

e Record the final identities and write the net ionic equations used.

0'.!..“1‘
Al s Aill G (oSl (o) Juaiia sle s 3 (AgT/AEC]) dacadll cOLad aanl o
‘).\SAAJ\
Aalall die 3LE e il g jhaadl Ll i) Caladl o

hay Jug )5 Al glal) pelans Cals
Clean-Up

e Collect Ag-containing wastes (Ag*/AgCl) separately if possible; dispose
the rest per lab policy.

e Rinse test tubes with distilled water; brush clean as needed.

e Wipe the bench and wash hands.

Wbt oy ) i)
( Gsd ol ) D) Sz 5

Y a8 0 A jal) Al Jallaall Al elansYl/fpnall o
i e lal) el laall dglall 435 ) ¥ alxall o

Data to be recorded

e Observation matrix for each pairwise mix (precipitate/color/stability, gas,
indicator change).

¢ Final identities (formulas/names) for the six tube numbers.

e Net ionic equations support the deductions.

(Ao ila ) 38 ) Jllaal) yadansi - Jadd piidal) solual
AgN03, BaClz, NazSO4, N32C03, NaCl :0.10 M
(<iise) HCI :0.50 M

il Lalate el jdad aadinl 305 Haell/el g ,SI T Cial e Clals 5 Ju ) scidiadia
S ol gy al 5y 28 o3 Jaliall 3l
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For Lab Assistants Only - Solution Preparation (Suggested concentrations)

0.10 M: AgNO:s, BaClz, NaSOa4, Na2COs, NaCl

0.50 M: HCI (dilute)

Notes: Thoroughly wash all glassware to avoid residual carbonate/hydroxide.
Use dedicated droppers/pipettes whenever possible to prevent cross-
contamination that could produce false precipitates.

Practical note | 4xlas 4323

5 zoe ) 2ol AL Ganl 5 1 A5 ) elian LA 5 (1-2 mL) Ay sbucia 3 psua Llaal aasiu
Gy CO2 seb :Na2COs g LegalS sl (HCLs NaCl o olid¥) die Jaail) (e (3aaill ada
(HCI) gl 25a

Use small, equal volumes (1-2 mL) and observe over a white background to
visualize faint precipitates. Repeat any ambiguous pairwise mixes to confirm
patterns. When uncertain between NaCl and HCI, test both against Na.COs: the
appearance of CO: bubbles confirms the acid (HCI).
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The elements fingerprint experiment in flame — The Atomic Colors Test experiment

Cisgl)
14 Li*, Na*, K, Gl cllilly el il sl S
Na 8 B2 G5 ae aall el Gl e *Ca?', Sr*, Ba?

Yellow Red Green Yellow ‘}.*j eg (OAJ/T,M/OJ]) w....,“ M_.}G :i:;_w\:é M Q\L}M‘

5 < & s A-F &Y seadll

)} Purpose

ad Ll B L Identify alkali and alkaline-earth cations (Li*, Na*,

K*, Ca?*, Sr**, Ba*") by their characteristic flame

colors, and record observations in a consistent, gradable format
(color/intensity/time) with an A—F unknowns puzzle..

&) 9a¥1 g AsiliasSll A gall g i o<1

:0.5-1.0 M dillas 51 1-2 mg = 132 8 s el Adis) alia 231 @
LiCl/ LiNO3, NaCIl/N aNO3, KCl/ KNOs, CaCly/ Ca(NO3)2, SrClo/ SI’(NO3)2,

.BaClz/Ba(NO3)2
ot 2031 0.03 mL = e )k hal) 12 M ste ol sl 08 e e
(GBS

@’f\ () - elll e umy Cagaill) 9470 J sl shiecle @

® Aanall Q8 5 caely ppa (lign e Bse 5l 0B @

(Baaize )l A5DE) Aied) Jas il 53l @
. Adhidnis J\}:i -1
/‘ﬂ (85 ) Gale (33Y1) 3 a0l i dala D
_ dﬁl‘)\ﬁf:ﬁ;‘)s‘}:“dﬁm)ud“ﬁuﬂhu“é&“ué%
(plaAnaY)

Jaile/ Jiaxa clufia + (am 5 X 0.5 ) doa saalie grad i (55 k0 3 @
s R 15 gt /BT S ((gmte i ol S gla5) 303 e o
L (Jaalie calay) delis celiay

Indicators, reagents and Materials

e Suitable salts (solids in very small amounts =~ 1-2 mg or 0.5-1.0 M
solutions:

LiCl/LiNOs, NaCl/NaNOs, KCI/KNO3, CaClz/Ca(N()s)z, SrCl./ SI’(NO3)2,
BaCl./B a(N03)2.

Diluted HCI, 1-2 M (add a small drop = 0.03 mL to enhance volatility).
Distilled water, 70% ethanol (off-flame drying, optional).

Bunsen burner or small butane gas burner with an adjustable blue flame.
Sample holders (three approved options):
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1- clean wooden splints

2- platinum loop (preferred if available)

3- non-galvanized stainless-steel loop (blank-tested).

Filter-paper strips (= 0.5 %X 5 cm) + metal clip/tongs.

Cobalt/blue filter, droppers, small dishes/tubes, white background, timer,
tissues, tongs.

Al cilagles
Foaliiail) ALY (i g Jyshall el Jay ) 6 38 cCadara A5l Ui @

O LD/l o gl Q08 Y g el dibaie (e R J5UY) 5 LD ALED ol sall 31 o

Lall
D
.@&%}@&}cg@\wuﬁ&jcSWBﬁgM\HCIEAﬁJ °

Y) palada Gllis sle g 8 Al g paa g Ra 3 e GlueS aadiul) (G alu sl @

(sl & oyl
el 5f i o) i 5 08 agll) (ddal 5 cngll) (358 s ) 555 Y o
Safety
o Wear goggles, lab coat, and gloves; tie back long hair and avoid loose

sleeves.

Keep flammables and ethanol away from the flame zone; never bring
filters/plastics near flames.

Use diluted HCI sparingly, away from the burner, and ensure good
ventilation.

Barium solutions are toxic: use very small quantities and collect liquids in
a dedicated waste container (do not pour into the sink).

Do not pass face/hands over the flame; extinguish the flame before
rearranging equipment.

gt s

(gl s Aala s i) zhsis e 35 g Lo Jsanll ol gl daid oyl @
okl Jd hauall ae iy Jasll Cad sl (oS e (3 jinl) Jiual cagd jela 1)) o

Flame Setup

Adjust the air intake to obtain a non-luminous blue flame (clear inner
cone).

If a yellow flame appears (incomplete combustion), stop and re-adjust
before measurements.

eaul) 48 La Cila gad
Aalall/ca ylall Calati o
.JJ.L\‘\SJ.\‘ cu\jl\wajhwﬁbﬂtuyuﬁm.zjsu)kw ‘_,’_u.uajjc -1

ulm.u\e.acus;d\HC]waJMoJLAum\eqcu)ﬂ\@mu_mu@ﬂhuh uﬁ)uﬂ\ﬂ; 2
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&_L@JM a\JY\ J)A Al &_11_\.1’.1\ O M_u:: d}\ d.\ﬁ GA\)S\ (Blank) &J\A .E.I\..\a ‘)Lu;\ )
ity i bl el (o) ek o) MO am s Y Jas

Dbl 45l 55 elianll ARl < ¢ il 43Ua) ¢ 52 Sl seba)) (mia Ay Nl gyl e

&3l Qi Na 1 pals «Ca/Sr/Ba @ ¢( i) o) 1) Li/K = Tl i sad) ol casi i o
253 saaal

Pre-Test Checks

e C(lean the holder:
1- Wooden splint: briefly flame-check a clean tip to ensure no color, then cool.
2- Platinum loop: flame to colorless, add a small drop of dilute HCI, rinse with
distilled water, flame again.
3- Non-galvanized stainless loop: soak 2—3 min in 1-2 M HCI, rinse with
distilled water, flame, then perform a blank test (no color).

e Mandatory blank: before the first sample and between sensitive runs; if any
color appears, re-clean.

e Viewing conditions: dim room slightly (not dark), fix the white background
and viewing angle.

e Suggested order: Li/K — Ca/Sr/Ba — Na to minimize Na contamination.

Sllml) sl

M\J)ﬂ\@)k*

(1 2m-~wydw\JJJS)\ho)Mm5uLLM\eq )LAA;LA )Ls.ijyd\u)jadl\
.g@ﬂ\uc\q_.p.gul.mus;e.\ (JSMMHClL)A(OO3 mLN)o):u_..ao)stA\e.\ CLJ\

(Oilae e il ) (D) Aalal) A4, o

3kd Caal & dlgd glae (e 3pprua ddads ) caliall Akl e a3 jpa dS ddl)) e Jaa

J558 Ol Ja 55 pilae Aalll dlaial) 8 Adladl Jal & ¢ jldail) 30 31 Casdall HCL (e 3 s

(g gta ) e (35 day 5 A6y pla

MAS‘J&AM?JJM‘ ;LJLM\JLJ\ cad;b@\.dé\_ml\djh.a‘;(] Cm~)l=.1)d\u)lawmn\

us‘\.lzu_j\.a\.mus;e.acu#\ésus;d\HC]wawa)lasum\ru CJ‘S‘U““%"JM

bw‘é‘hu‘w\‘)&(@UZ—I)L;_.L}N‘JJ‘)AQ‘)}}@JMML:}):J‘&M‘?S“_I.GJS\

A8l yia) ial ) 6

«"Ashless" 2 )l PRI @u}dee\m\M‘Na ‘)J\(_JAA.!JSLSJLRJ\ C._MJJ\ () shadl

u;s;ﬂ\dﬁ).L:AAgu(uuM\HCI_ﬂuyh)d\uLu\J\

Sample Preparation

* Splint method (preferred):

Moisten the splint tip with a drop of distilled water, then touch a very small
(pinhead-sized = 1-2 mg) amount of the salt, then add a small drop (= 0.03 mL)
of dilute HCI, then dry completely away from the flame.
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* Loop method (platinum or non-galvanized stainless):

Load a very small amount of the solid (or a small drop of its solution) onto the
loop, then add a small drop of dilute HCI to enhance volatility, then place the
loop into the hot zone and record the color immediately.

* Filter-paper strip method (classroom-friendly):

Dip ~1 cm of the strip into the sample solution for one second, or moisten with
distilled water and touch a very small amount of the solid, then add a small drop
of dilute HCI to the tip, then dry completely away from the flame, then hold the
strip with a metal clip and pass it briefly (1-2 s) through the hot zone, then
withdraw immediately to avoid charring.

Note: Filter paper may carry Na*; prefer ashless paper, or pre-rinse quickly with
dilute HCI then distilled water before drying.

(C:ls Js) 4y ) @l ghad

(30 Lo gl ey daalud) dalaiall 8 dalall/ca k) Ja

s Al el el Bad sl ol 50N 55,3 €5 58 o ol J

Ba?* padls K+ el jlehal 5 a0 guall jiial w1 55wl e e kil

ol Ay 58 ¢ € Jealld Ay anl a5 seda 13)

() iyl ) seal (g 35 (5—1) 330 Jaasy (o e )08

2ny/ 08 U guad) (5l iy 5 0l A <l gl ¢y JEY) e B 18 Unia 150581 363

.(Na

Procedure (per cation)

e Place the holder in the hot zone (above the inner cone).

e Note the color immediately; peak intensity occurs in the first seconds.

e View through a blue filter to suppress Na yellow and reveal K* lilac / Ba**
green.

e [fa white/orange glare or smoke appears, the load is excessive; repeat with
a smaller amount.

e Repeat twice; log intensity (1-5) and on/off time (s).

e Perform a blank when moving between weak- and strong-color ions
(especially before/after Na).

(saida) JLEAN alad) fasal)
oual Az )Y Alall Wiage vie s ¢ del clysine A @l s/l 5l calig i<y cpail)
CAD by asgall e eaie AL dngd o)l jedaid 8 Jian A g I skl i 8
K+l Jic) Canal) Gl iS5 jiaYl Ol casadl 959 C_MJAM 1Al €589 nm
330 5 30eS e Sale i g 150 Ulai) ol Jalall (31 i) (0 40U /e lian A 51 (Ba2t sl

Scientific Principle (brief)
Heating excites electrons; relaxation emits photons at element-specific
wavelengths (characteristic flame colors). Sodium dominates via intense D-lines

123

ibgll clydlyllg aglell slyalg



st %%% gouLs
pLetdle e NSMo
near 589 nm; a blue filter attenuates yellow, revealing weaker emissions (e.g., K*
lilac, Ba** green). A white/orange glare from burning the carrier is not atomic

emission and usually indicates overloading.
a3 gial) o)) o)
cu:)d\@@m_g\)&hélﬂl{* (GQLE)LM@AJJM\Na O(JA.A&)L;JAJSJA;\LI .
‘:A\AJ J..A;\ Ba2t e (L1 ) d)la\) CL'L” @\3 JA;\ Sr2t e ‘:J\s.u.a/tg‘);\ Ca?t e (d)JY‘
(4\:\.05]\ ad\i) e )m;nj\ _)Sm)xj d.m:\ J.‘.)

Expected Colors

*Li* crimson (brief) « Na* intense golden yellow (dominant) « K* pale lilac (clearer
with blue filter) « Ca** brick/orange-red ¢ Sr** strong red (longer than Li) « Ba**
apple-green (may shift yellow-green if overloaded).

Lhiaeat s (A il
mibad) da ) J gaa ({1

oSl o i
"Blank" e A QA,.U}“ ‘ .
CU.C\MY\ &Jlﬁ L ;IA.\AY\/J}@H\ 5_1 G&_)AS\ Cpally u)ﬂ\ il
e o |G 33
3\.&.& WS gala (g_a
(@La‘yl_ﬁ Lmjm/)\.\.c/é‘)}/m) Adiaa g_ajﬁ JJL;.AA Lf\ UJJ
Data to Recorded
A) Core observation table:
Color Note: "Blank"
SO with | Intensity: ] Empty.
Sample ebye blue 51 D1sa(1i)gces£;rca;1rclsgs")l“1me without Conclusion
Y filter sample

B) Documentation note:
record any potential contamination sources (wood/paper/dust/finger contact).

s g

a5 ala 3l el Alia i Al oo ) e palas s Gl 8 g/ S 8 e ik

s ) Lgmaial ga ) a5 aSaly sl slef ) G g i) slally 2 galal) slally
aladall il sle 5 8 a s )

Clean-Up

Extinguish the Bunsen/butane burner, discard splints in solid waste. Wash

glassware/droppers tap — distilled water and dry the bench. Cap reagents and
store properly. Collect barium liquids in the designated waste container.

124

ibgll aludlllg aglell sliualgl




ihgll cilpalyllg aglall slyolgl

* EN: electronegativity

SR, — Q-OULY
pul =il &)l o A
Ministry of Lu-_r.rlu.wl-::!\ Mawhi9l;: N S M o
1. 2. | 3. | 4 5. |6 | 7. | 8 [ 9 [ 10 ] 11 [ 12 [ 13 [ 14 [ 15 [ 16 [ 17. | 18.
LA VIIL A
2.1
1 PERIODIC TABLE :
L H He
1.0 II. A m.A IV.A V.A VLA VILA 4.0
1.0 1.5 EN* 2.0 2.5 3.0 3.5 4.0
) 3 4 atomic number 5 6 7 8 9 10
Li Be Chem. symbol B C N 0] F Ne
6.9 9.0 relative atomic mass 10.8 12.0 14.0 16.0 19.0 20.2
0.9 1.2 1.5 1.8 2.1 2.5 3.0
11 12 13 14 15 16 17 18
31 Na | Mg VIIL B Al | Si | P S | Cl | Ar
23.0 243 B IV.B V.B VLB VILB ~ A ~ [.B II.B 27.0 28.1 31.0 32.0 355 40.0
0.8 1.0 1.3 1.5 1.6 1.6 1.5 1.8 1.8 1.8 1.9 1.6 1.6 1.8 2.0 24 2.8
4 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti \% Cr | Mn | Fe Co Ni Cu | Zn | Ga | Ge | As Se Br | Kr
39.1 40.1 45.0 479 50.9 52.0 54.9 55.8 58.9 58.7 63.5 65.4 69.7 72.6 74.9 79.0 79.9 83.8
0.8 1.0 1.3 1.4 1.6 1.8 1.9 2.2 2.2 22 1.9 1.7 1.7 1.8 1.9 2.1 2.5
5 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
‘| Rb | Sr Y Zr | Nb [ Mo | Tc | Ru | Rh | Pd | Ag | Cd | In | Sn | Sb | Te I Xe
85.5 87.6 88.9 91.2 92.9 95.9 [98] 101.1 102.9 106.4 107.9 112.4 114.8 118.7 121.8 127.6 126.9 131.3
0.7 09 1.1 1.3 1.5 1.7 1.9 2.2 2.2 2.2 2.4 1.9 1.8 1.8 1.9 2.0 2.2
55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
6 Cs Ba | La Hf | Ta W Re Os Ir Pt Au | Hg Tl Pb Bi Po At | Rn
132.9 137.3 138.9 178.5 180.9 183.8 186.2 190.2 192.2 195.1 197.0 200.6 204.4 207.2 209.0 [209] [210] [222]
0.7 09 1.1
87 88 89 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
71 Fr Ra | Ac Rf | Db Sg Bh Hs | Mt | Ds Rg | Cn | Nh Fl Mc | Lv Ts Og
[223] [226] [227] [261] [262] [266] [264] [269] [268] [271] [272] [285] [284] [289] [289] [293] [294] [294]
1.1 1.1 1.1 1.1 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.1 1.2
58 59 60 61 62 63 64 65 66 67 68 69 70 71
Ce Pr | Nd |Pm | Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu
140.1 140.9 144.2 [145] 150.4 152.0 157.3 158.9 162.5 164.9 167.3 168.9 173.0 175.0
1.3 1.5 1.4 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3
90 91 92 93 94 95 96 97 98 99 100 101 102 103
Th | Pa U | Np|Pu|Am [Cm | Bk | Cf | Es | Fm | Md | No | Lr
232.0 231.0 238.0 [237] [244] [243] [247] [247] [251] [252] [257] [258] [259] [262]
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