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®General Objectives: e

1. Todevelop fundamental biological concepts that prepare students for
participation in competitions.

2. Toestablish a strong foundation enabling students to pursue advanced
Olympiad-level biology.

3. Toenrich the field with scientific material that nurtures the passion of those
interested in Olympiad biology.

4. Topromote the culture and awareness of the Olympiad.

# Specific Objectives k.,

1. Toenablestudents to understand Mendel's laws and their applications.

2. Todescribe the chemical structure of genetic material and the mechanism of
protein synthesis.

3. Tounderstand human genetics and its applications.

4. Todescribe genetic mutations, their types, causes, and significance.

5. Torecognize the diverse applications of genetic engineering in everyday life.

National Science and Mathematics Olvmpiad 4
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Gregor Mendel succeeded in uncovering the mystery of heredity through his choice of

an ideal experimental organism the pea plant (Pisum sativum).

# Mendel used pea plants in his experiments because:
e They are easy to grow, cultivate, and reproduce continuously.

e Eachindividual plant exhibits only one form of a trait, allowing the study of

contrasting characteristics.

e They are capable of self-pollination the Fusion of a3 male gamete with a fFemale

gamete from the same flower.

e They also allow cross-pollination, in which a male gamete (pollen grain) from one

Flower Fertilizes a female gamete in another plant.
Mendel fFormulated a hypothesis regarding the inheritance of traits he hybridized,

marking the beginning of genetics as a scientific discipline.

= Genetics:

The branch of biology that studies how traits are transmitted from one generation to the

next.

HMendel’s Experiment

ihy

Mendel performed a cross-pollination between two purebred pea plants one with purple

Flowers and another with white fFlowers. Through his experiment, Mendel introduced

several genetic terms still used today.

e Parental Generation (P): The initial cross between a pure purple-flowered plant and a

pure white-flowered plant.

e First Filial Generation (F,): All offspring produced had purple flowers.

e Second Filial Generation (F.): The offspring showed both purple and white flowersin a

3:1 ratio.

National Science and Mathematics Olvmpiad
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Application By crossing (mating) two true-breeding varieties of an
organism, scientists can study patterns of inheritance. In this example,
Mendel crossed pea plants that varied in flower color.

Technique

Results When pollen from a white flower was transferred to a purple
flower, the first-generation hybrids all had purple flowers. The result
was the same for the reciprocal cross, which involved the transfer of
pollen from purple flowers to white flowers.

© Removed stamens
from purple flower

@ Transferred sperm-

© Examined bearing pollen from
offspring: stamens of white
o all purple flower to egg-
First flllta_ﬂ flowers bearing carpel of
generation
offspring purple flower
(Fy)

Parental
generation
(P)

9 Waited for pollinated
carpel to mature
into pod

@ Planted
seeds from
pod

Figure 1 Mendel's Experiment

Hcenetic Terminology Er

e Dominant Trait: The trait that appearsin the first generation.
o In Mendel's experiment: purple flowers.
e Dominant Gene: The gene that expresses the dominant trait, represented by a capital
letter (Y).
e Recessive Trait: The trait that is masked in the first generation but reappears in the
second.

o In Mendel's experiment: white flowers.

National Science and Mathematics Olvmpiad @
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e Recessive Gene: The gene responsible for the recessive trait, represented by a
lowercase letter (y).
e Homozygous (Pure): Having two identical alleles For a trait (YY or yy). Each allele
occupies the same locus on a homologous chromosome.
e Heterozygous (Hybrid): Having two different alleles for a trait (Yy).
e Alleles (Contrasting Genes): Two genes located on homologous chromosomes
that determine the same characteristic, one inherited from each parent.
e Genotype: The genetic composition of an organism the specific pair of alleles
determining a trait.
o Example:Dominant traits may have genotypes YY or Yy.
o Recessive traits are always homozygous (yy).

e Phenotype: The observable expression or outward appearance of a trait e.g., tall,
wrinkled, white, etc.

Generation
Parental (P) o X
(pure-breeding) Yellow peas Green peas
(3" pollen) (Q: eggs)
First filial (F,) Od)%
All yellow

Self-fertilization

Second filial (F;)

6022 yellow : 2001 green
3:1

Figure 2 Genetic Terminology
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HMendel’s First Law (Law of Segregation): ET

Each trait is determined by a pair of genes (alleles) that separate from one another
during the fFormation of gametes.

(a) The two alleles for each trait separate during gamete
formation.

Gametes
(pollen or eggs)

Grows into plant Gamete <
J formation
YY yellow pea @
from a pure-breeding

stock @
0 Grows into plant _ Gamete <
formation
yy green pea @
from a pure-breeding
stock

(b) Two gametes, one from each parent, unite at random
at fertilization.

Gametes Zygote F Hybrid
(one pollen grain, one egg)
@ S Seed J
Fertilization @ development [
@ / Yy = yellow pea
showing

dominant trait

Y = yellow-determining allele of pea color gene
y = green-determining allele of pea color gene

Figure 3 Law of Segregation

& Monohybrid Cross
e |treferstothe mating between two organisms that differ in only one trait, such
as plant height or seed color.
e In Mendel's experiment, when the second-generation hybrids (Yy) were allowed to
self-pollinate, they produced two types of gametes: (Y) and (y).

e These gametes combined randomly, resulting in the Following genotypes: YV, Yy,

Yy, yy

- Genotypicratio:1:2:1

- Phenotypicratio:3:1—yellow seeds to green seeds.

National Science and Mathematics Olvmpiad 8
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v
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®

X

? ,
®

Pt
F, (all identical) Q@

4 @(5‘
b

Pollen grains

0,

®
ol@

W

Eggs

©|@

Figure 4 Monohybrid Cross

= Dihybrid Cross:

e After Mendel's success in studying the
inheritance of a single trait, he
proceeded to investigate the
inheritance of two or more traits within
the same plant.

e Inthepea plant, the round seed shape
(R) is dominant over the wrinkled seed
shape (r), just as the yellow seed color is
dominant over the green.

e Note: The number of genes in each

gamete always equals the number of
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Allelesin  _, Gamete
formation

parental cell

Possible allele
— combinations
in gametes

traits studied. For example, when studying two traits, each gamete contains two

genes; when studying three traits, each gamete contains three genes, and so on.

National Science and Mathematics Olvmpiad
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When two individuals possessing more than one trait are crossed, the genes assort freely

and independently during gamete formation in meiosis.

& Dihybrid Cross (Yellow-Round x Green-Wrinkled)
e Crossing a plant with yellow, round seeds (YYRR) with one having green, wrinkled
seeds (yyrr) yields an F, of all yellow, round hybrids (YyRr).
e Selfing the F, (YyRr x YyRr) produces four gamete types from each parent: YR, Yr,

YR, yr (assorted randomly and independently).

Experiment To follow the characters of seed color and seed shape through the F, genera-
tion, Mendel crossed a true-breeding plant with yellow round seeds with a true-breeding plant
with green wrinkled seeds, producing dihybrid F, plants. Self-pollination of the F, dihybrids
produced the F, generation. The two hypotheses (dependent and independent “assortment”
of the two genes) predict different phenotypic ratios.

P Generation YYRR 'i\ - __\" @ ryrr

\ ¥
Gametes x @

F; Generation
) YRr

Predictions Hypothesis of / \ Hypothesis of

dependent assortment  independent assortment

Predicted / = \ P
redicte
offspring of Sperm 1/4@ V"@ 1/“@ ‘/“@

F, generation

5 a2 Y
%@ (.\”_ 4 oW o Rl
| (A YYRR | YYRr | YyRR | YyRr

YYRR | YyRr y /4® w W W | @
Egos B | & . YYRr | YYrr | YyRr | Yyrr
wGr)| @ L e
YyRr | yyrr 1/4@ @ @
5 YyRR | YyRr | yyRR Rr
e T @ I IRr | yRR | yyRr
4.‘ /4 ¥ n =
’ W) @ | B @ i

Y)!RJ }.’-yr'r yyRr | yyrr

(D) 7@ @ @

Phenotypic ratio 9:3:3:1

Phenotypic ratio 3:1

Results
315 108 @ 101 |__| 32 @ Phenotypic ratio approximately 9:3:3:1

Figure 5 Dihybrid Cross
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& Resulting F, (genotypes & phenotypes):
e Thecross yields 16 combinations aggregating into 9 distinct genotypes (e.g., YYRR,
YYRr, YYRR, YyRr, YYrr, Yyrr, yyRR, yyRr, yyrr).
e Phenotypicratio(F,):9:3:3:1
o 9yellow-round: 3 yellow-wrinkled: 3 green-round : 1 green-wrinkled.

(Note: The correct phenotypic ratio is 9:3:3:1, not 1:3:3:9))

HPunnett square note: Er

A 4x4 Punnett square is used to visualize YR, Yr, YR, yr Parents: PP x pp
x YR, Yr, yR, yr and predict the F, outcomes. Gamete Distribution
DRID
A
Pp Pp

Hybrid Purple |Hybrid Purple

P
Pp Pp
Hybrid Purple | Hybrid Purple

Figure 6 Punnett square

E?Gene Crossing and Chromosomal Variations ET

e (Crossing-over serves as 3 major source of genetic variation among organisms.
e New genetic combinations are the result of crossing-over and independent
assortment, which create novel arrangements of alleles within gametes.
e The number of possible genetic combinations can be calculated using the formula
(2™, where n represents the number of homologous chromosome pairs.
For example, in pea plants, there are 7 pairs of chromosomes, so:
2" IPA = possible gamete combinations.

Upon Fertilization: 128 x 128 = 16,384 possible zygotic combinations.

n

National Science and Mathematics Olvmpiad
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# Diploid (2n):
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Possess two sets of chromosomes, one from each parent. Exemple: Humanos (2n).

# Poliploide (23n):

Have one or more additional sets of chromosomes beyond the diploid number. Exemples:

Wheat (6n), Oats (6n), Sugarcane (8n)

In plants, polyploidy often enhances resistance, increases vigor, and improves yield and

productivity.

HPedigree Chart

ihy

A pedigree is a diagram that traces the inheritance of a specific trait through multiple

generations.

It uses symbols to represent individuals and their traits: squares indicate males, and

circles indicate females.

Scientists study a fFamily's genetic history (Family tree) using a pedigree chart

L |

Pedigree Analysis 1:
This pedigree represents a recessive genetic
disorder.
In the second generation, an affected child could
be born if both recessive alleles meet.
Since parents II-2 and -3 are healthy but
produced an affected child, they must both be
carriers of the recessive allele.
Individual IV-3 was born affected by the
recessive disorder due to the inheritance of two

recessive alleles from carrier parents.

National Science and Mathematics Olvmpiad

Pedigree Chart for a Recessive Trait
One of these two
individuals is

1 m heterozygous

Heterézygous individuals
_O Generation I
1 2 3 4 5

2
@ d) Q i Generation Il
2 3 / 6 7

Generation IV

Homozygous recessive individual

Generation |

=%

Key:

Unaffected male D Affected male I:l Carrier male [D
Unaffected femaIeO Affected female O Carrier female CD

Figure 7 Pedigree Analysis 1

12
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= Pedigree Analysis 2:
This pedigree represents a dominant Pedigree Chart for a Dominant Trait
genetic disorder. 1D—F® Generation |
In pedigrees for dominant traits, i
Generation Il
individuals cannot be carriers; symbols ! 2 8 4 >
are either shaded (affected) or 1 2 3 Generationl
unshaded (unaffected). Unaffected male 5 Affected male [ |
Since individual II-1is unaffected while miote () s vt )

his Father is affected, the father must ) _ )
Figure 8 Pedigree Analysis 2
be heterozygous, and the unaffected
child inherited the recessive allele from both parents.
Because all offspring of parents 11-2 and I1-3 are affected, the mother's genotype must be
homozygous dominant.

Future inheritance patterns can be predicted if accurate family records are maintained.

If 3 pedigree shows that only males are affected, the trait is likely Y-linked.

HComplex Inheritance Patterns (Non-Mendelian Inheritance) ET

The inheritance patterns described by Mendel do not apply to traits that exhibit complex

inheritance.

= 1. Incomplete Dominance

In heterozygous individuals, the phenotype appears e
as an intermediate form between the two parental 593"& Q R
phenotypes. Some traits are neither completely e G \Y{
dominant nor completely recessive, meaning neither —
allele masks the other. }i
Example: The Four o'clock plant (Mirabilis jalapa) e
exhibits incomplete dominance in Flower color. ° ®

F, Generation

g 2| A

Figure 9 Incomplete Dominance

National Science and Mathematics Olvmpiad 13
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2. Co-dominance

Ll

Occurs when both alleles of a gene are fully exoressed in the heterozvaous aenotvoe.

Normal red blood cell Normal red blocd cell section

showing the effect of both genes

simultaneously. For example,

Sickle Cell Anemia:

Normal
hemoglobin

Abnormal sickle red blood cell section

The disorder occurs when an individual
inherits two recessive alleles (one from each

parent). The red blood cells become sickle-

Abormol
hemoglobin
Sickle cells blocking blood flow S ek

sickle shape

shaped, reducing their ability to transport O, e,
and CO, effectively.

Sickle Cell Anemia and Malaria: Figure 10 Co-dominance
Individuals carrying the sickle cell allele have increased resistance to malaria, providing a

selective advantage in malaria-endemic regions.

L

3. Multiple Alleles
- Human Blood Groups:
The four human blood types A, B, AB, and O are determined by more than two alleles of a

single gene. They represent an example of both multiple alleles and co-dominance

(a) The three alleles for the ABO blood groups and their
carbohydrates. Each allele cades for an enzyme that may add
a specific carbohydrate (designated by the superscript on the
allele and shown as a triangle or circle) to red blood cells.

Possible Genotypes Blood Type Allele Iz ® i

Carbohydrate A A B O none

(b) Blood group genotypes and phenotypes. There are six
possible genotypes, resulting in four different phenotypes.

Genotype | /A4 or Ai | 1818 or 1B bl ii
)
Red blood cell VY
appearance e /8
U
Phenotype
(blood group) A B AB 0

Figure 11 Human Blood Groups

National Science and Mathematics Olvmpiad
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- Fur Color in Rabbits: =

ele
The C gene is dominant and | & o = & |
Genotype

produces a black phenotype. oo S oo - |
The c geneis recessive and produces Phenotype

. WILD TYPE: CHINCHILLA: HIMALAYAN: ALBINO:
a white phenotype. Brown Black-tipped White fur White

fur white fur with black fur

The cch gene is dominant over ch. Tt

The ch gene is dominant over c.

Figure 12 Fur Color in Rabbits

& 4, Epistasis

Occurs when one gene masks or suppresses the expression of another gene. In certain
dogs, two different genes determine coat color: The dominant gene E allows dark
pigment expression in the fur. The dominant gene B determines the degree of darkness
of that pigment. The recessive gene e masks the effect of the dominant B gene. When

the genotype is ee, no pigment is produced

stfe\xl/sbfe L

Sperm

'/4 i/A@ ‘/4 1/4

Eggs
1 .
//J @ BBEEL BbEEL BBEEL BbEeL
1/4
BbEEL bbEEL BbEeL bbEeL
" &4 &
BBEeL Bbfeh BBee Np || Bbee nE pL
1 \ ';V..
fa ) W
BbEe bbEe Bbee (< I bbee - I

Figure 13 Epistasis in dogs coat-color
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# 5.Sex Determination

A human somatic cell contains 46 chromosomes

(23 pairs), of which 22 pairs are autosomes. The meiosis  fertilization

23rd pair is the sex chromosomes, which - ; SX o

determine the individual's biological sex.

. gametes
Gametes contain 23 chromosomes each. The sex
X
chromosomes determine gender as follows: - - % =
X
2n n 2n

All Female eggs carry an X chromosome.

—Fo=Fo
SISOl

Male sperm carry eitheran XorayY

chromosome. Figure 14 Sex Determination

L

Sex-Linked Traits
These traits are controlled by genes located on the X chromosome.
Since males possess only one X chromosome, they are more likely to express recessive
sex-linked traits; a single recessive allele on the X chromosome is enough to cause the
disorder.
Hemophilia: A condition characterized by delayed blood clotting, which is more common
in males than in Females.
Red-Green Color Blindness: A disorder in which males are typically affected, while

Females are usually carriers.

Qv x (A S Q| x| x¥y |3 Q@ |xtxn x| 3
@@VSperm @VSperm @/@Sperm

Eggs XN | Ny Eggs XNXN| XNy Eggs X | XNy
x}\z’xn xVY @ XN 1 XWY @ xnxn xmf'

(a) A color-blind father will transmit the (b) If a carrier mates with a male who has (¢) If a carrier mates with a color-blind male,
mutant allele to all daughters but to no sons. normal color vision, there is a 50% chance that | there is a 50% chance that each child born to
When the mother is a dominant homozygote, | each daughter will be a carrier like her mother | them will have the disorder, regardless of sex.
the daughters will have the normal phenotype | and a 50% chance that each son will have the | Daughters who have normal color vision will
but will be carriers of the mutation. disorder. be carriers, whereas males who have normal
color vision will be free of the recessive allele.

Figure 15 Inheritance of color blindness

National Science and Mathematics Olvmpiad 16
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& 7.Polygenic Traits

B

™

AaBbCe AaBbCc

These traits result from

the interaction of two or

<

. f | Sperm
more pairs o genes.in Ve e Vs s s Vs s s
000 @eCO Ceo CCe o800 808 88 08
humans, examples of
/5000 | 30 IR 200 SR8 KR S RN
olygenic traits include : —
polyg oo | 899 | 893 | 253|893 | 863 | 238 | %53 [ 838
skin color, height, eye : o
/2000 | 080 | S80I 080 | 080 SO e (I
color, and fingerprint : G
9erp Ysoos o8 | 028 [ aoe | ace [ goe | a8 | 8 [ aae
atterns Eggs T—T—T
P seeo | ue3 | 383 | 883 | 082 [ 283 ] 323 |28
Veson a58 [ 08 a8 [acs (o8 ens [acs
Vsome | g8 | 388 | 838 (353 G881 %8| 088
seee | 2ss | 388 | ass |ssg
Vea | |%6a| [Blea| |Pfea| [Bfea .
0 1 p) 3 a 5 6

Figure 16 Inheritance of skin color in humans

8. Environmental Influences

L

The environment affects the expression of many phenotypic traits. Sunlight and water:
Sunlight influences Flower production, while lack of water can cause leaf loss in plants.
Temperature: In Siamese cats, the gene responsible for pigment production is active only

at lower temperatures, leading to darker fur on cooler body parts.

9. Twin Studies

Ll

Identical twins share identical genes. Differences between them result from
environmental influences. They show a high concordance rate, reflecting strong genetic

control.

National Science and Mathematics Olvmpiad @
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10. Sex-Influenced Traits
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These are traits found on autosomal chromosomes, not sex chromosomes, but their

expression is influenced by sex hormones. Example: Baldness. The gene for baldness is

dominant in males (under the effect of male hormones) but recessive in females,

showing how hormonal differences affect gene expression.

Bald Bald
Normal Bald
Normal Normal

E?Chromosomes and Human Inheritance

BB
Bb
bb

iy

A karyotype is an arrangement of homologous chromosomes displayed as paired,

microscopic images. To study genetic material (genes and chromosomes), scientists use

stained chromosome images taken during metaphase. Chromosomes are arranged in

order from largest to smallest .Humans have 23 pairs of chromosomes in both males and

females: 22 pairs of autosomes (identical) and one pair of sex chromosomes (non-

identical). Telomeres: Protective caps located at the ends of chromosomes, composed of

DNA bound to proteins, functioning to preserve chromosome integrity.

# 1. Nondisjunction:

The failure of sister chromatids to separate
properly during cell division .This results in
gametes with an abnormal number of
chromosomes, leading to individuals with
monosomy or trisomy. In humans,
nondisjunction disorders cause serious

genetic diseases and may sometimes be fatal.

National Science and Mathematics Olvmpiad
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£ (3
N°"di5'Uncn0n y -
/ :\n . / \

1 sx AR, AR AR
L 2k N
AN AN AN
G 1.C 1) G L

n+1 n+1 n-1 n-1 n+1 n-1 n n

Number of chromosomes

(a) Nondisjunction of homo- (b) Nondisjunction of sister
logous chromosomes in chromatids in meiosis 11
meiosis |

Figure 17 nondisjunction
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Down Syndrome: Caused by an extra copy of chromosome 21, affecting both males and

females. Symptoms: Distinct Facial Features, short stature, heart defects, and intellectual

disability.

= B) Sex Chromosome Nondisjunction:

Turner Syndrome (X): Affects Females who have only one X chromosome. Klinefelter

Syndrome (XXY): Affects males who possess two X chromosomes and one Y

chromosome.
oy XYY \ XXY \ XY \ XXX X0 \ XX
Lethal Normal or | Male with Normal Nearly Female Normal
(causes nearly Klinefelter male normal with female
death) normal syndrome female Turner
male syndrome
ﬁ&enetic Material (DNA) Er
= Structure of DNA
DNA is composed of structural units called Purines
nucleotides .Scientist Levene identified the NH,
N XN
basic structure of nucleotides as consisting of </NH|f\/) </ )\
N
a pentose sugar, a phosphate group, and a Adenine G”a“'”e
nitrogenous base. Living cells contain two Pyrimidines
types of nucleic acids: DNA and RNA. The NH, TD e
entose sugar in DNA is deoxyribose. The | i B |
p g y ’ NH&O NH/&O NH&O
nitrogenous bases in DNA are adenine (A), Cytosine Uracil Thymine

guanine (G), cytosine (C), and thymine (T). The

Figure 18 nitrogenous bases

pentose sugar in RNA is ribose. The nitrogenous bases in RNA are adenine (A), guanine (G),
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cytosine (C), and uracil (U). Adenine and guanine are purine bases (double-ringed), while

cytosine, thymine, and uracil are pyrimidine bases (single-ringed).

Ll

Erwin ChargaFF

Discovered that the amount of cytosine (C) equals guanine (G), and the amount of

adenine (A) equals thymine (T) — a relationship known as Chargaff's Rule.

# Rosalind Franklin

Successfully captured an image of the DNA molecule by directing X-rays ontoit,

revealing that DNA has a twisted ladder-like (helical) structure.

L

James Watson and Francis Crick
After examining Franklin's X-ray image,
Watson and Crick succeeded in building a
model of the DNA molecule .DNA
consists of two strands twisted around
each otherin a double helix, composed
of alternating units of deoxyribose sugar
and phosphate groups. Nitrogenous base
pairs form the rungs of the helical
ladder. Adenine (A) pairs with thymine (T)
through two hydrogen bonds. Cytosine
(C) pairs with guanine (G) through three
hydrogen bonds.

National Science and Mathematics Olvmpiad

Sugar-phosphate backbone

Nitrogenous bases

5 end
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4 ; N N
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. ) ( \n/ H
3 2 o)
\\P/O H
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| group @ Adenine (A)
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3" end
Figure 19 model of the DNA molecule
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E’Forms of DNA: ET

The DNA molecule takes different forms depending on the type of organism:

2. Double circular supercoiled strand 1. Double linear strand
e Found in most prokaryotic organisms such 5 Rl o e e s e
bacteria. . o .
9s bacteris e The DNA is coiled into several helical

e Also presentin some viruses.
turns.

# Directionality
In nature, double-stranded DNA is always arranged in an antiparallel orientation: one
strand runs in the 5'to 3'direction, while the other runs in the 3'to 5' direction. In addition

to complementarity, this antiparallel structure is essential for the replication of DNA.

5 CHy e 3

PO, 5\—1—P04 \j,_\ipoq/ N \_T o
0_ ) o 0

s

e

. N |
‘ég L
>\ 0 0
O A_._\‘:H! - P04 "POJ. K CH2 e PO4 _\_KCHE/ POA

3’ 5’

A
N

o=

Figure 20 antiparallel orientation

EChromosome Structure Er

In eukaryotic organisms, the chromosome is composed of:
1.DNA
2.Nucleosome: a structural unit where DNA is wrapped around histone proteins.

3. Chromatin: a collection of nucleosome complexes.

4. Chromatid: a condensed fiber formed fFrom coiled chromatin.
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Sister chromatids

Kinetochore

<«—Band

<«—— Telomere —> rsscience.com

Figure 21 Chromosome Structure

ﬁ,Types of RNA
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nucleosomes

chromatin loops

parm

centromere

Chromosome

garm

telomere

rRNA (Ribosomal RNA): Constitutes about 80% of total RNA. It is synthesized in the

nucleolus and becomes part of the ribosome, making up about 60% of its mass.

e mRNA (Messenger RNA): Represents about 1% of total RNA. It serves as a template for

protein synthesis, being transcribed from DNA in the nucleus and translated into

proteins in the cytoplasm (at the ribosomes).

e LtRNA (Transfer RNA): Its function is to transport amino acids from the cytoplasm to

the ribosomes during protein synthesis.
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Nucleus

Double-stranded
polynucleotide chain

Carries genetic information
Exists in a stable form

One type

Deoxyribose (deoxygenated

Type of Sugar

Nitrogenous Bases

sugar)
Adenine (A) = Thymine (T),
Guanine (G) = Cytosine (C)

E?Protein Synthesis
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iy

Formed in the nucleus and moves
to the cytoplasm
Single-stranded polynucleotide
chain
Protein synthesis
Continuously broken down and
rebuilt

Three types
Ribose sugar

Adenine (A) = Uracil (U), Guanine (G)
= Cytosine (C)

hy

= What is the relationship between a gene and a protein?

Genes determine the sequence and structure of amino acids in polypeptide chains,

Forming proteins, which are the fFinal product of gene activity.

Thus, the traits and characteristics of an organism are defined by the type of proteins

produced by its genes a process known as gene expression

DNA RNA

Protein

Figure 22 relationship between a gene and a protein
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What is the basis on which proteins are built?

L

Itis the genetic code:

Genetic information is stored in DNA as codes, whose basic letters are the Four
nitrogenous bases: A, C, G, and T, known as codons. These codons are the basic units of a
gene, each consisting of a sequence of three nitrogenous bases. Each genetic code
(codon) corresponds to one amino acid, meaning that: 3 nitrogenous bases =1 codon =1

amino acid.
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ﬂ Exercises

1-When a black rabbit (Bb) is crossed with a white rabbit (bb), what is the expected
phenotypic ratio of the offspring?

A
B
C
D

0 black: 1 white
1black: 0 white
1black:1white
3 black: 1 white

2-Which of the Following genotypes is heterozygous for both traits?

A
B
C
D

Rrss
RrSs
RRSs
RRss

3-Which of the following concepts does not follow Mendel's Second Law (Law of

Independent Assortment)?

A
B
C
D

Genetic crossing-over
Linked genes
Polyploidy

Law of Independent Assortment

4-Genes located on the sex chromosomes are called:

A
B
C
D

Sex-influenced
Sex-linked
Polygenic

Complex genes

5-Which of the Following terms describes the inheritance of human blood groups?

A
B
C
D

Incomplete dominance
Sex-linked traits
Multiple alleles

Co-dominance

6-1F a child's blood type is O and the mother's blood type is A, the Father's blood type

cannot be:
A O
B AB

National Science and Mathematics Olvmpiad 25



7\
Sots,. es928 s NSMO

223
s 3 pg.l.nJl a;u.o.lt. gl
Eiesiasts Bawhioa wibgll cilidlylig
c A
D B

7-What is the number of affected males and

affected females in the pedigree chart?

]
1

1male - 2 females
3 males - 1female
1male -1Ffemale

2 males - 1female

A
B
C
D
8-The chromosomal composition of a girl with Down syndrome is:
A 45 + (XX)
B 45 + (XY)
C 44 + (XX)
D 44 + (XY)

9-Which of the following nitrogenous bases is not found in a3 DNA strand?
A A

B T

c u

D G
10-DNA and RNA share several characteristics, such as:
A Found in both the cytoplasm and nucleus

B Composed of double strands

C Contain ribose sugar

D Composed of nucleotides

11-A Family has seven daughters. What is the probability that the next child will be a

boy?

A 30%
B 50%
C 70%
D 90%
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12-What is the sequence of bases in the mRNA strand that corresponds to the DNA

strand shown in the figure?

A ll JLLL.

T A CA A A CTAGA A

A 5'ATGTTTGATCTT 3'

B 5'AUGUUUGAUCUU 3

C 5'TACAAACTAGAA 3

D 5'UACAAACUAGAA 3

13-If the genotype of a plant is TERR, what types of gametes will it produce

A Tr, TR
B RR, Tt
C TR, tR
D TR, Tr

14-When a curled-ear cat was crossed with a non-curled-ear cat, all offspring were

non-curled. When these offspring were crossed among themselves, the phenotypic

ratio was 3 non-curled :1 curled.There fore, the curled-ear trait is:

A Co-dominant

B Dominant

C Recessive

D Incomplete

15-The number of possible genetic combinations resulting from independent

assortment can be calculated using the equation:

2n
B 4"
C 6"
D 8"

National Science and Mathematics Olvmpiad
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ﬂ Mock Exam

1. An anticodon nucleotide sequence of Ffive successive tRNA's involved in protein

synthesis was analyzed, yielding the following content:
A G C T U
40% 27% 13% 0% 20%

What is the correct corresponding sequence of the code on the original DNA template?

A G C T u
3 20% 13% 27% 40% 0%
b 40% 27% 13% 20% 0%
(@ 60% 27% 13% 0% 0%
d 20% 13% 27% 0% 40%

2.In humans, red-green color-blindness is controlled by a gene on the X chromosome. A
man and woman with normal color vision marry. Both of their fathers were color-blind.
What is the probability that their First child will be color-blind?

A O

B 1/2
c 13
D 1/4

3. In mice, black hair (B) shows complete dominance over white hair (b), and long hair (L)
shows complete dominance over short hair (l). Which of the following crosses would
produce all possible genotypes and phenotypes?

A BbLIxBBLL

B BBIl xBbLI
C BbLIxbbll
D BBLLxbbLl

National Science and Mathematics Olvmpiad 28
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4.The breed diagram below shows the occurrence of an extremely rare genetic disease in

a fFamily of more than three generations. Based on the phylogeny, what type of

characteristic is this disease likely?

HEOE HOH

A Autosomal Recessive
B X-Linked Recessive
C Y-Linked Recessive

D Autosomal Dominant

5. Two fruit flies with the genotypes AABbCc and aaBBCc are crossed. Which of the

Following genotypes is most likely to occur in the offspring?

A AaBBcc
B AAbbCc
C AaBBCC
D AaBbCc

National Science and Mathematics Olvmpiad
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Reaction Rates (bl Jolidl) de

Kinetics and Reaction Mechanisms Cole L) 484010 5 48 all sluasl)
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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.

P48 Al sliarll g elaalisn ga ) slaasS C AN La o

Jelall IS 1) e Al ya s ¢ hasS Jeli ol (8 LY ga g A8l Al oy aled clualin ga i) liasS-
il Al 5 Alan ) Allaldly Kig Ll LS Y ol sy

Led Joats ) A0V A a5 AplaasSl) cdleliil) G gan Ao Al 50y gl A0S jall claal) Loty -
Il 1agd o 33U e 3l g ) 63 ) dle el

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.

@Lﬁﬂ‘&ﬁﬂ\kw

Siany 38 (lgd saal a3 (o) lind Al 58 o AieasS il ol s W g <yl S sladl) (50

Jon Al sl die 35 58 DA % 8 Tan 5y Ayie 3558 QDA il 1a

Q}é,dcuﬂ\&cysagjm‘dsuﬂ\&cwg,saﬂ'\@).bcpc_a\ yail) 534 oﬁjgéasaﬂ\g,sq
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.
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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?

s Al Jelil) de pu Jira
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

@U\}iu;umu\,dugs)s@jﬁm_dw
Dol 8 s -
A[Reactant]  A[Product]

Rate = — -
ate At At

Sliie @l 5 420l sale (oS5 Jara sl Aleia 30la o laiA) Jaze (elits Jeléill Aoyl (S Ulae
EOleWiall 38 5 (el ey gl il 50 5330 ) 8 Balal) Jads ) 63l

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)
eV s 0e el i i) il 5 8 O (ad A sl 5 LAY Lay

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
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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
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Endothermic reaction Exothermic
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Figure 7-4: Activation energy and its role in determining reaction rate
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Factors Affecting the Rate of Chemical Reactions
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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
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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 -]
Alelaidl o sal 38 5D
3olallds 03
D8l Jalall 2585 -4
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

) e g el AN Je i sl A e gl il Y Jelis o
ol 50 38 b W15 iy ) e g el Jaal 5 0 AL i Y1 5 <y sl Jelis o

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.

ssa.. Lot ISP
B %;

* 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

—— A DB ey
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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

sl

ey /Py E-vi {]

— Je i ——
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Reaction Rate Laws el Jo Wl Aoy pil g8

) duzaly H) A8ad) Al (e 2 Y Addn 3 s el Jeladll 4 1S il A8l sl
Al Azl 2) (e 835 ) e (e s S G :
el de o ) sl e Lo 8 5 Lagi Loy i

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
Y 285 ApuSal) E3lelal) 8 LS Lgibali ) a5 85 Jeldl de pu 30l ) ) Ae i) af gall (saa)
Aaalaial) ye el b Lo 5 Jeldill anud A g255 38 Blal g de jull 6 s of caany
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
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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.

Aleland) o) gall 3€ 5yt Jelall Anany) Gle padl &5 jlie A (e 22a3 Je i) 4 ) Laad
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
) Jelill ) paall 8 A il e semnll 53

The following data were obtained for the reaction:
A+2B—>3C +D

Runds il [A] [B] rate 4c ypall M-s7!
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 ?

Jeldillde jull () 9l8 yuei iiS) ()
(s 5l ae) Aoyl i ke A caaal (D)
[B]=135M 5[A]=0.02 M oS exie Jelaill de yu aual (¢)
[C] OsSam aS Al 4y jpadll 8 anaall o plall 8 S ) Qeay delaill o (25381 (d)
£ el
('a) Write the rate law expression for this reaction.
(b) Calculate the value of k, the rate constant (with units).
(¢ ) 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?
Jadl
(a) R =k[AJ[B]*
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 [AJ[B]
(b) k=R /[A][B]=2.67/0.36 x 0.16> =290 M~ sec’!
(¢) R=k[A][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 sl Je &l
A + 2B — 3C + D
0.045 0.09 3 x0.09/2  0.09/2
Excess 0.16- 0.045 =0.115 0 0.135 0.045
[C]=0.135M

16
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e lall Ay cile yull J gaall oLl
Consider the table of initial rates for the reaction:
2Cl10,+20H — ClO5 + ClO, + H,O0.

Experiment | [ClO;]o, mol/L [OH"],, mol/L Initial Rate, mol/(L - s)
| 0.050 0.100 5.75x 102
2 0.100 0.100 2.30 x 107
3 0.100 0. 050 1.15x 10!

What is the order this reaction with respect to C10,?

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

Example 7-9 7-9 Jua

52050 32T Ol 5 (Hb) sl sased) e Jeliill 31 e pud) I

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

Experiment [HB],, umol/L [COJ o, umol/I. | 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? $HB- 4wl Jeléill 43 ) L

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

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

17

ibgll ailualillg aglell sliualgi




ot G g0y
PELANE Wawbies NSMO
;) el 45 al) plaasl

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
DSl s Al JBA (e Je il de e 208 LINA (g (S s AT 4Gyl i (K15 58 il
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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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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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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:
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ratepyq = raterey
ke [N204]eq =k [NOZ]Zeq
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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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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 Je i) Juala 4,8 @l ghd
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 1s based on concentrations, it is written as Q., and the corresponding
equilibrium constant is K.. For a general chemical equation:
aA+bB=cC+dD
;@L&S@djcjbja:u})ﬂ\:\hw\ Q)u\.a.ae\lﬁal_.adctéﬂ\ Jala e juedll (S
The reaction quotient can be expressed in terms of the stoichiometric coefficients
a, b, ¢, and d, which remain as they are:
_ [c°[o)¢
© [A]P[B]P
LMMJM)AJQM\ 3 gall ‘).\S\‘).aé\ (tMMJ)AAA) Jeladl) C..\UJJ.\S\)JMUQ Qjmcud\
A5 ) sall Aslaall 3 Lelalaa (5 s Gl ) e IS a5 Gy o
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
iy 3 pal) Alalaall 3 Lelalaa s s Gl (1) Leia OIS i 5 e 380 5l
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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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.

) el (e IS Je il Juala () 1] (e
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;]%[02] _ [NOJ?[Bry] [H¥][F]
a) QC - [N 0]2 b) QC - [NOBI‘]Z ) QC - HF]
2][Hz] Csz][Hz]4 1[C2037]
D Q= [co mor OV T ewgmse D& [H2C204]
Writing Q for an Overall Reaction (S Je il Q 4utis

O s S el o) )l s Je i) Joala (3 SIS 5l (el sana 5a IS Jelil) S 13
Ao ) Gl gadll ) 33N cld j\ Jelddll Jala @ pia 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.
Qc=0Q1 xQ2xQ3x.... , Ko =K x Ky x K3 x.
0385 S 5 gl A Ll 535 3 sl Uil B3la Cyom 5l 30l 35583 12 s
Sle il (e V) Juduill S (e U3
Example 2: Nitrogen dioxide is a toxic pollutant that contributes to
photochemical smog. One way it forms is through the following sequence:
(1) Nz(g) + Oz(g) ZNO(g) K.=4.3 x 102
(2) 2NO(g) + Oz(g) = 2NO2(, Ke=6.4 x 10°
A Al 3o laill Q o i daalas (5 sy ualul) 136 Q S Jelidl) Jusla o (2 (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.
L;SS\ Jelaill K. M.\S ERTPEN: cEJ\);X\ A\AJJ ad e u)‘.cu.ﬂ\ s \.J\ (b
b) Given that both reactions occur at the same temperature, find K, for the overall
reaction.
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(1) Nz + Oz = 2NO(y Ko =43 x107
(2) 2NO(g) + Oz2¢g) = 2NO2(y Ke=6.4x10°
Overall reaction (sum): (g senall) S Jelasl)
a) Na(g) T 202¢g) = 2 NOzy)
_ [NO,J?
~ [N2][0,]?
Q, = [NOJ? _[NO,J?
1 NZ][0,] " [NOJ?[0,]
Product: sul)
_ . [NOJ? [NO,J> . [NOpJ*
4 & = (10,7 Wopro,) ~ 10,17 @
Q=QixQ
b) K.
Bolallda sl vie &l ghadl) maea G e
Because the steps occur at the same temperature. K. =K. X Ke
Ke= (4.3 x 1025 x (6.4 x 10%) =2.752 x 105~ 2.75 x 1013
Sl g el Jeliill Q 4lis

Writing Q for a Forward vs. Reverse Reaction
H(C S st 3aus]) Jelall e JUia
Example reaction (oxidation of sulfur dioxide):
2502(g) + Oz(g) = 2503y
ralal) olai¥ 8 Jeladl) Juala
Reaction quotient for the forward direction:
[SO5]*
Q= v Tzr0
[SO2]?[0] ‘
;(éJSéﬂ\) L;....Sad\ Jeladl) LS 1)) L
If we write the reverse (decomposition) reaction: ~ 2SOs(g) = 2S02g) + Oz(g)
oY) Je il Juala glia ()5S Sl o) 8 Jelal) Juals
Thus, the reaction quotient in the reverse direction is the reciprocal of the reaction
quotient in the forward direction.
[SO,]°[0,] _ 1
Qr = =T

[SOs]2 Q¢
(K e X gl dale 3ac @
General rule (holds for K. as well):
1 1
Qr = Q Ky = K

1 1000 K xie ¢ gaxe Jba
Numerical example, at 1000 K:
Kr=261 = K= —=3.83x 10
A LellEs (Al ) oil) & 65 Cun) b)) Jelaill & K 3 Sl dalls sdjalaie adl) s34 325
(Alnie Alelaiall o sall o 55 Ea) aall Jelall A K J 5 pia
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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 ALl Cy pia Jo il (Q AL
Writing Q for a Reaction with Coefficients Multiplied by a Common Factor
QA A Ay A jida Jalay dd 5 ) sall Ailadl) 8 SOlabadl) s 0 a )
Multiplying all the coefficients in a balanced equation by a common factor also
affects the value of Q. ;
Y b Sl T G5 (55 Je i 8 o elaal) qsas Uiy yumn 13)
If we multiply all the coefficients in the formation of sulfur trioxide by /2
2802(g) + Oz(g) = 2SO3(g) K. =261

we obtain. rsle Jaan

SOz(g) + 1/202(g) = SO3(g)
[SO3]

Qr = =501z
o [SO2][02] .
s U e i ja LY Q (s sl Aiaiall Aalaall o3¢ Q, ah o JaaY
Notice that Q. for this halved equation equals the original Q. raised to the power
of 2:
Qi = Q) = oo = o
() YTl e Lo A8l gulats
The same relationship holds for the equilibrium constant:
K,f — (Kf 172
K'r=(261)"2=16.2
General Relationship dalal) 483y
N Jalray A5 ) g0 Adlaa (& Clalaall paan 0 jua 3513
If all coefficients in a balanced equation are multiplied by a factor n,
n(aA+bB = cC +dD)
roh WS (oY) ) olad ) 48Dy a5 o) ) i g Jelatl) Juala Gl
then the reaction quotient and equilibrium constant are related (raised to the
power n) as:

n — n
(K)n
Z\eﬁ@mé‘ysw\#dﬁ\wuﬁﬁ  Siag Je il Q 4y
Writing Q for a Reaction Involving Pure Liquids or Solids
Glly (b dalise ) shal a8 3 sall ()5S Laie | (Fasilaie <) 330 45l dadal Luddls (o W) s
ilaie ye U3 S
So far, we have discussed gaseous systems (homogeneous equilibria). When
substances are in different phases, it’s a heterogeneous equilibrium.
Example: :Jba
CaC03(S) = CaO(S) + COz(g) )
Je il Jeala S dalall e g6l Gy
According to the general rules for writing reaction quotients.
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€~ [CaCOs]

Jagh Lgld dili 380 55 elliad i) i) gl 5 Aabiall o) gall f Lay (K15 48Dl 8 3 sall apen gz S
deladll Jals 4US 2

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, P 1T

. [CaCos]

Kp s Ke O A3dal) slaruial) alddliuly I Y G )

Expressing Equilibrium with Pressure Terms: Relationship Between K. and K,
TS 5o 3l el Laie | 3,8 5l Gl (e Jgend Jmieaall (i (35S0 Le Ulle ey jladl edle i)
1/V S il P laziall oy U Sladl () 538 ansy cddbiall ol 3ladl (e Gy 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 = o RT P_n
= el = — —_— =
n v RTTV

c oY sall S5 e Gyl it Jasall (5585 T 5l padl A )3 &l die ¢ Ul
Thus, at constant T, pressure is directly proportional to molar concentration.
Example: Oxidation of Nitric Oxide Oan s il 4T Il 32T : Jlia
2NOg) + O2(g) = 2NO2(y
b LS ) il e Vo) Jeliill Juala (iiSS
The reaction quotient based on partial pressures is:
Q, = (Pno,)?
P (Pro)?(Po,)
2l e el o) 3 el Gld ¢ ) W) S el adaria die jle JS 5S0 Ladie o) Y die
Agal L gally 3805 Jladiud vie ubill ALE K 5 Q o daalal) B mes 5 K,
Adall A8dall K 5 K ¢ JS dasi
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:
K, = K(RT)™
where: e
R = gas constant (0.0821 L.atm-mol . K™") < jladl &b
T = temperature in Kelvin GaWIL 3 ) all 4 )
An(geas) = (moles of gaseous products) — (moles of gaseous reactants)
AN(ga) = (A2 & 5l @Y ge 230 ) — (A kel Olelaiall Y 5a 220
If: )
An <0 — K, <K,
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Thus, K, and K. describe the same equilibrium but differ in how they express
pressure versus concentration.
Aana e Sl AL AN e A CaCOs ol saall sy JhasS (adige a5y 23 Jla
.CaS042H,0 el U3Se Sl e SO- e dae ) «CaO el 0 sSa andlly Jaas il
L?ai)[\ Jelall KC :’\A-ﬁ RN
CaCO3(S) = CaO(s) + COz(g) Kp =2.1x10* (at 1000 K)
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:
CaCO3(S) = CaO(s) + COz(g) Kp =2.1x10* (at 1000 K)
Ang = (1 mol gas products 4 )& & 59) — (0 mol gas reactants 4)le Cleldia) = +]

Ky =KRT)™ = K =-2

Given R=0.0821 L-atm mol™' K'and T = 1000 K
RT =82.1 L-atm mol™!
_ 2.13 x 1074

=256x%x10"°
K, T 2.56 X 10

Je i) slaily il K g Q 4 ke
Comparing Q and K to Predict Reaction Direction
a0 die Cag yea KOl s et il s cle Litall (e JS e (g sing i e il (o ia yidil
G g 28 oLl IS 13) Lo ayan i€y (K e Q Jeliil) Juala 3o 4 jlia JMA (g 233all 31 sl
1odas ol 3 () O s sl Jo i) dmipus ol (g (M8 Gl €5 13— of ¢() 351 Al ) iy
raalie 8 el 380 55 Q Jawy 8 edai 3 sill 380 55 oY
OSTQ Jrai il il peSaaly 5 o
oal Q Jead COleliiall 4S50l ) o
i deliill yaing K (e ST 1 jral Q 4 (585 Laie (8.2 JSll Lhail) 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.
()51 Ty 5yl G 1 5 (5 (ke Liiall) plidl) (8 (K (o sl Q e il 13) L1
(Opadll i Jelal) aady AT o) gl daS ol i Bl litall dpaS J8 () cang ) Y1 () J saaa sl
sl 5SS sl (g
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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 A Celinall AaS 2355 gl il AueS JB o im0 Y 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

Qg

e Q, Ko - K,
. n'-“g.
Reactants — Products Product — Reactants

K5 Q (Sed o a8all 5 Jelail) olad) :8,2 JSil
Figure 8.2: Reaction direction and the relative sizes of Q and K

Summary: s sadlal)
(2<I<C ).\S\ \J.ids.m.u uuﬂ\}mdcw\m
Reaction shifts right, forming more products.
Q> K. ST e ldie JSAES ¢l gad Jelal) aasy
Reaction shifts left, forming more reactant.
Q=K. OV Al b Uil ccilia yiad ol aasy Y

The system has reached a state of equilibrium.

[A]=2.8x 10 1L WS 175°C 2ie ) 33 g ye 58I 5 (S ‘A = By Jelall :4 JUa
4_1);.\3\ ;\);\ c@\@u@)\hﬁm@\obd\m‘)ﬂ\d&Y\dﬁ [B] =1.2 x 10 M} M
Luld J€ A delall S 13 L ada (G0 sl B ¢ eal) sl A) Jeliil) 131 4 () 1 e

Y A ) Jgea sl b 53 (gl sy O gl o) sad sl epal) sad A
Example 4: For the reaction Ay = By, the equilibrium mixture at 175°C 1s [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%
. lia ,
i el [N (red)|Ng(blue)| Ko =043 go 22 AasY!
: < > iyt IQ=Np/N4| Compare to K, = L
experiment]| <Y || GV 0.43 Direction
Left (toward A)
1 2 8 4.0 Q>K. (A ool L
_ At equilibrium
2 7 3 0.43 Q=K. o illa b
Left (toward A)
3 6 4 0.67 Q>K, (A slaily)
Right (toward
4 8 2 0.25 Q <K, B)
(B oaily) (e
Final Results: 1Al gy geaadl)

(A O 5SS 5385 )l as Jelitl aaty i3 5 1 ooladll o
(ﬂam‘j)g\j\ﬁh@dsuﬂ\ 24 il e
(B e ST 43S (3K5) Cpal g Jeliill 4ty 14 Apaill o
* Experiments 1, 3: Reaction proceeds left (forms more A).
* Experiment 2: Reaction at equilibrium (no change).
* Experiment 4: Reaction proceeds right (forms more B).

«Jelall el Lo dlaal (8 100°C i Ko =0.21 % 0585 NpOyq) & 2NOpg) Joliill :5 Jlia
A 5 S0 Y Al xie Jeldill da [NO,] = 0.55 M 5 [N2O4] = 0.12 M (e JS S) 5 ails

Paaion olail gl M8 (el Sy
Example 5: For the reaction NOs) = 2NOyq), Kc = 0.21 at 100°C. At a point
during the reaction, [N,O4] = 0.12 M and [NOz] = 0.55 M. Is the reaction at
equilibrium? If not, in which direction will it proceed?

[NO,]2  (0.55)2 0.3025

_ = = ~ 2.52
Qe =1N,0,]~ 01z 0.12

Q>K.
Klgie 5 NoOa (a2 all (oS3 (3l liiall gy lnl) saddnian g ) 35Y1 s ie (al Jelail
Qe =K G (53 Al ) ey £aNO;
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
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How to Solve Equilibrium Problems OV Jilwa Ja duis

e 5 v Lgalanan it (S (S0 ¢ Alall allall & o) 3Y) Jilie (pe paall L

O Y s Ll e sleas K i a1

AS Y GlLasl) 5 K dad 4 slaay O 5 ClaaS Gl 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.
Using Quantities to Find the Equilibrium Constant O s Al cilasl) aladdi)

S ety Y15 K sl el (g el ol Lol s Jilusall 038 (30 (il e 58 i
Y Gl 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.
K ¥ Q (o 01 iy iy sal
a4l (Jaall daas e o il K luad slasall () 3531 ciliaS aadies (Jilaall (o g sill 128 b
&e ALls )l pada o aie [ 50 L 4eaa (350 (8 25l 5 (o s el (518 (e A sluie SlLiaS (8
t S O Y Y sl () 5 e
Ha) + Lo = 2Hly)
HI (= 0.520 mol 51, i« 1.80 mol 5 Hy (= 1.80 mol e (3,52l (s sisa ¢ ) 33V 2ie
'K Al
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:
Ha) + 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:

1.80 0.520
= 1.20M,[H]] = = 0.347 M

[Hz] = [l] = 753 1.50
Q.= ﬂ = K. = (0.347)° _ 8.36 x 1072
¢ [H][l,] ©(1.20)(1.20)

K 5 O cibas sy (ICE) Jolidh Jsan plasiu

Using a Reaction Table (Initial, Change, Equilibrium (ICE) to Find Equilibrium

Quantities and K

Jelill 1okl E¥alaall 8 COlleall o aaiad clilia addius («lwS) (any aad Y Ladic
K e i i caalayY (Jelédl) Jgan A (g0)

) il B s (e 5 psham RS e 5 sing 305 sle s G o0y s S0 508 A 3 b Sk

ve CO 3855 <0.458 atm A bl deas ia COxg) I anal 1080 K 30~ da 0
.Kp —uaa) 0.757 atm ‘HAS]\ Lasll OS5 ¢yl 3y
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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 CO is added
to a pressure of 0.458 atm, and CO formed at equilibrium, the total pressure was
0.757 atm. Calculate K. )
Ll JaaY ¢Q, 48dle i 1Al (K, alag) aar g (atm) (s oa ) dancall s g3 8Uase llall Y T las
:C(graphite) Alall 3alall 3 alaii ¥
The data are given in atmospheres, and we must find K,, so we write the
relationship for Q,; note that it does not include a term for the solid, C(graphite):
Cs) t COz 2 2C0O()  (heterogeneous equilibrium psilaie e ol 5il)

ICE table in partial pressures (atm) (atm) 43l b gl ICE Jsas
State COzg COg Ce)
Initial 0.458 0 excess (u=ld)
Change —X +2x —
Equilibrium 0.458 —x  2x —
Total equilibrium pressure: 1oAY die SN darial)

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

For this reaction, solids are neglected: Alall 3 sall Jagh cJelall 13g]
2 2
K, = (Pco)® _ (05987 _ 5 55
Pco, 0.159

% 0.200 mol = 2.00 L 4sas & 586 35 edar Saly ol cpan 5 hgl) lla S d) jal 16 JUia
1453°C 5,5 s s vie JeiS Jelall & i (HT o s ouell 2 s le
2HI(g) = Hag) * Ing
K 4 cuaal ([HI] = 0.078 M OIS ¢ 55V 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:
2Hlg) = Hog) + Iag)
At equilibrium, [HI] = 0.078 M. Calculate K..
Let the reaction progress by x (in M). (LY sall 3as 53) x Ll Joany Je il of (a4

State HI H: 1.
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
[Hz]eq = [I2)ep = 0.011 M
_ [Halgllzleg  (0.011)(0.011)

—2
Ke=—f o = 1.99x10
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Using the Equilibrium Constant to Find Quantities
Adlise JICal ac Wiyl 4y ) 31 e b} Jilsall (e £ 5l 138 (palzaty
This type of problem involves finding equilibrium quantities also has several
variations.
* HyO 5 CHy (538 (SaasS Guaiga Lol cs AT 3585 £ 50 () sl y st Al 50 (827 Jlia
CO 2 0.26 mol e 3,53 (5 sin o) Y 2ie 1200 K 3l 4a p0 2ie 0,32 L 4w (390
$01 3 aie [H,0] 4w ) Ho)O (0 Jilis «CHy (2 0.041 mol 5 <H, < 0.091 mol s
( Kc=0.26 48 55551200 K 3,0 n 4a 0 die dleall 03¢])
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).
CHa(g) + H2O(g) = COyq) + 3Hz(

ot £ Mawhiba

_ [co] [H,]’
© [CH,] [H20]
Equilibrium concentrations: BB PSS By
041 0.26 091
CH;] =—=——=—=0.13M,[CO0] ==—==0.81M,[H;] =———=0.28 M
[CH] =532 [ ]3 0.32 [32] 0.32
CO] [H 0.813)(0.284
[H20]=[ 1 [H]" _ ( )( ) 056 M

[CH,]K.  (0.128)(0.26)

3585l lala s adatil Hy 5 CO;y N Hy0 5 CO (e 3l jlaie 2 551 sutiga aading 18 JUia
125 mL 4eaa 3,50 G slal) Jlas 32 0.250 mol 5 CO e = 0.250 mol g s 1) S il
1.56 555 K, Aad (O aale 13 661yl Ay (i e Y1 0 S 55 Lad 0900 K ie

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) 4liy) 5.0 )
250
[CO]o = [H20], = 0125 = 2.00 M; [COz]p = [Hz]o =0
Concentration (M) CO(g) H:0(g) CO:(g) Hz(g)
Initial (I) 2.00 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
© T COJ[H,0] _ (2.00 —x)2 ~2.00—x

x=1.11
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Equilibrium concentrations: S5 AR SBY

[CO] = [H:0] =2.00— 1.11 = 0.889 M

[COs] = [Ha] = .11 M

Equilibrium moles (in 0.125 L) (0.125 L &) o) 35 @Y ge 22 Ul
nco = n,o= 0.889 x 0.125=0.111 mol;

nco,=ng, = 1.11 X 0.125 =0.139 mol.

Jogaall S 5 alagy AU Ay Al (e c¥alaa aladic)
315 ol G G ddasd) JlaidVW) A5y Hh aladial (e Yo Sl ) 51 Jilie (any
Adline 30 5 o 08 e laiall o sall (Y dladl A 4 slusia e liiall o gall
O Sl 8l sl 6 1.00 M H20 52.00 M CO S i Jeliil) o 13) ¢Jiall Juws e
A8, ()Y — wdll — AW JCE Jsaa dlae) caagy el ol A Jilaie JS0 a8lis
Ol et A0S die AU A ol e dalee Gl e it g cBalinal)
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) + Ha(g)

Concentration (M) CO(g) H:0(g) COz(g) Hz(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
_ [CO:|[Ha] _ ®)®) — 156

¢ [CO][H:0] (2.00—x)(1.00—X)
x=0.732 M
[CO]=2.00—-0.732=1.27TM
[H20]=1.00—-0.732=0.268 M
[CO:] =[H:]=0.732 M )
&) 9l g Ao Liial) 3) gall (pa Unidd cpanaii Al Jibeaal)
Problems Involving Mixtures of Reactants and Products
OrsSi sad Je il slai) IS Gl datd Mo iall 3 g 5o Tadi cOle i) clS sl o) 351 Jilse 8
) 5l A e 5 ) 5 oSl ldiall Al L0 ot 5,80 3 B cl il oS 5 claal el 53
Lase Cag e e Jelaill ol () el il 5 e liiall (o gmy o 2 g 52 allaill oy Lodie Ll
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.
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A o) 3aail (K) o) 33V cald e (Q) Jeliill Juals daf 45 5li0 ¥l oy ccWlall 028 8
1OV 3 () J s sl aldail) 4 @l ety

sl (psSS gaiaady Jeladl)l b Q <K S 1)

ke Ll (68 gt aaty Jelall ld Q> K oS 1)

O YL G’ TCE Jsaa dlae) Jad pzdl) olad) apaald e 45 jlaall sda 2elud

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 S aa (CHa) bl Jelis ikl IS AN (gan) (A ghaill g Sl Bas 5 a5 19 Jlia
;SN Jeladll 385 ¢ aplall HEl Gl e Lat 5 ¢(HaS) Ceasougd)

CHug) + 2H2Sg) = CSz(g)+ 4Ho(y)

5 H2S % 2.00 mol s CSz ¢+ 1.00 mol 5 CHa ¢ 1.00 mol LA 3« jlaill (gaa) &
¢ ) (e da jall eda die 960 °C 3l s da )3 22250 mL 4w cle 5 8 Ha ¢« 2.00 mol
Ke=10.036 ) 5V clb dad culs
Y Al ) J s sl Je il phai o) 6l 8 (a
SO e (5 AV 3 sall 3855 Led ol Y xie [CHa] = 5.56 M 08 13l (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:

CHug)+ 2H2Sg) = CSz(g)+ 4Hz(g)
In one experiment, 1.00 mol of CHa4, 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.
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): :(n/V) aaally &Y sall dae e 5181 58 Gl
[CHa] = 4.00 M, [H2S] = 8.00 M, [CS2] = 4.00 M, [H2] = 8.00 M

a) Direction of reaction Jeladll olail (a
[CS2][H2]*  (4.00)(8.00)* (4)(4096) 4096
e = (CHIIEST? ~ (400)800)2 ~ (4)(64) ~ 64
Q.(64) > K.(0.036)
O I J gea ol (Bhe el alaily) el ) ) 3 JeLal)
Reaction shifts left (toward reactants) to reach equilibrium.

b) Find equilibrium concentrations 1Y) 58S Al (b
State CHasg +2H:Se S CSzg +4Hzg
I 4.00 8.00 4.00 8.00
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State CHasg +2H:Se =CSzg +4Hzg
C +x +2x —X —4x
E 4.00+x 8.00 + 2x 4.00 —x 8.00 —4x

At equilibrium O/ ¥ 2e [CHa] =5.56 M
400+x=556=>x=1.56

[H:S] =8.00 + 2(1.56) = 11.12 M

[CS2] =4.00 — 1.56 = 2.44 M

[H:] = 8.00 — 4(1.56) = 1.76 M

(2.44)(1.76)*

¢ (5.56)(11.12)2 0.034 ~0.036

Aplild ol o 1) 31 9 Joiil) Ja gy

Reaction Conditions and Equilibrium: Le Chatelet’s Principle

Le Chatelet’s Principle Aulild ol

ubadclmd)u;wu\)a\ﬁ\dbmmb Y u\}\dﬁ@ethuafuum \A.pd\ .

)l 1 il e Jly
S OSU e pad sl ST ey Q # K dea ) wsill (535 Lasie aaay il e
Bolallds 5o sl ((aaadl ik (o) Jaxaal)

()53 Y e il (e) Chaadl) gad ol 531 g g Andy 1)) V) am se o) / ilall Jelidl)

DS S e a3 A N sl s (el ) @“bﬂ\ G Sl 5o 3

wj\)aj\ A ) c(?aaj\ )\).Luu.aj\j c)ﬁ)ﬂ\sﬁt_\\).\a_\ﬂ‘\q\.;.\u‘ﬂ M\JJ c)aj\ Jaa J™a e

Ly Ylia A%a s PC13(g) + C]z(g) = PC]5(g) eLLu]\ e\d;.u.u\_a c)s;n Jule Al

* Principle: When a system at equilibrium is 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) + Cla) = PCls as an illustrative example.

The Effect of a Change in Concentration S AN A sl il
Lﬁ-ﬂ\ c\;;‘).[\‘.ssd\su‘).(bum‘uu cé\.a\.u&o.l;\ ﬁy@ﬂu\}\db@ebu‘:ﬂum
).uul\ Jaa ) dh.l

'a.lb‘)j\ o&wd&ﬁdd.ﬂ\ D@Y\@dﬂu&@w\ u\).l‘)“ u\é OOle Latall ..\;\ J.\S).: J\JJ\ \.J\
}S)ﬂ\o.lb))ub@g_\u\_mmc_a\}ﬂ\}s\})m.w}cdshﬂ\@yi\dwcéﬂb} J.\SJ.J\
st ¢l 138 a3y (531 latY) 8 Ao Jeliill (b ccdlelital) anl (pe a8 ey 31 13) (Jially
O Y ABe 8 el ) o) gl i 5oLl Gl S 5 (alisil puSlay 52 ol b & patans o
i Y A Al o) gl f il sl CaaS bl s G €)Y amse Sl 55 (Q)
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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.

A Qualitative View of a Concentration Change SN i o de i 8 ki

Ladic Q‘}N‘ da 45“ PC13(g) + Clz(g) = PC15(g) e\.i:':.ﬂ\ d-‘A-‘.. 523 K T’J‘P :‘-.3‘)J g
system reaches equilibrium when At 523 K, PCls(g) + Clzg) = PCls () then:
- POl o0k
= Py - TR
O gaase Ao S5l 8l el g cas Jlas lies «Q, = K o 13
Starting with Q. = K., let’s analyze how changes in concentration affect the
equilibrium position.

PCls + Cl2 (addedy — PCls Jo it 43S 3L %.1

Giob oo Gl e Jll Jelay oUaill (é o) 351 xie Jeldill ) Cl, Ole (e deS Capaal 1)
Aladl A [Cla] 555883005 &) .8 il dga s o) 1Y) ady Las ccilbiadl) Clo (10 0 3 gl
Slgise s PCls (3o 23 3l G € ¢l s Je i) anipns GlIA Q< K ey Camy QA (12835

Qe = Ko e im0 531 Alla ) Jgam sl o i <Clo s PCly (g0 S
1. Adding a Reactant PCls + Cl2 (addeady — PCls
If additional Cl2 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 Cl., until Q. = K¢ is
reestablished.

PCls < PClsemovedy + Cl2 Joliia 43S (alii) 2

OOV 3l (Oleliall dgn) (s pmall Agall sai oAl dnii (PCly 385 Gl o3 13
I PCls 00 8 3 885 Q> K ey Sy «Q 3L ) (Al 4l (& (5% [PCl3] S 5 pads

Q=K zuai Sus () iV 2 20 s Cla 5 PCls
2. Removing a Reactant PClsemoved) T Cl2 < PCls
If PCls is removed, the system shifts toward the reactant side to restore balance.
Decreasing [PCls] initially increases Q., so Thus, Q. > K. some PCls decomposes
into PCls and Clz, until equilibrium is reestablished Q. = K¢
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) Al e L (oaliall (s
(ke liial slaily) o) sa Ol 5V g 5 PCls S 583k
(s o) i) sai O V) s 5 PCls S 5 al®s)
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). )
;w\ saclall
ol s ) 5V Aty L i S (pmli) g Je i 23 i)
Dbl g o) Y Aty UL 5 il daaS Baly ) sl Jelitia S (ali
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.
oy Sl Gl G & ilaasl o i e i le J gumall s ol sel) 83 5 cppnd Jaf (10 210 Jia
105 CpanSYL &Ll HS cn somel) 2ty »S e Aadlas Gasb ce bl Jlall s andll (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:
2HaS(g) + Oag) = 2S¢) + 2H20(g)

What happens to? 1 sy sl L
a) [H,0] if O, is added? 0, caual 1) [H2O] (a
b) [H,S] if O is added? 0, aual 13) [HaS] (b
¢) [O2] if H,S is removed? TH.S o=l 13 [02] (¢
d) [H,S] if sulfur is added? ey Sl Canal 13) [HS] (d
[H,0]?
= 1,570,

(K 51 Q (o IS (2 S bl salall jelai ¥ :adasdla)
(Note: the solid S(s) does not appear in Q or K)

JH207 2 JUlb 5 cslasll Jeldtall eMginl el g o 3¥) 4niin 10,2330 (a

[H2S] addsy Ml s HoS @gind (M) a5 (el sa 2l 531 (3102 3345 (b

L) [05] s Ml s adll ) a3 Al Jeliiall (ay el lll sas sl aady (HLS Laliil (¢
(=Sal) Jeldlll A HO (e 3SE
O3° [HaS] i ity (Q B Jaxi ¥ 4 dilia 3ala) il (5 Caamy W 1S ) < Sl 30 fd
N 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,
[O2] increases (formed from H,O in the reverse reaction).

d) Add sulfur S(5) no effect (pure solid; not in Q); consequently, [H,S] unchanged.
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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 s
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 (3l 5F) Balal) AsaS 33 31 A CSLelil) (pa JS aaa uid (Sar i 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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The Effect of a Change in Temperature Bolal da ja A aal) il

K. 5O UJS 5l :\QJJ J.QSU
3 adlda o o8 ) allda 5o gl Jaxazall 5f 5 il 8yl ciSadd) BN @bl kYl G o
(K) O3 i Aad h A o s

PC13(g) + Cly) = PClsgy AHpn=-111KkJ ) :%l“—uﬂ‘ Rt
ua.m;) EJ\)J Lala GuS’J\ Jelatl) Lain c('é‘)\‘)a d;}:.\:\) '&J\‘);ﬂ ]JJU: GA\AY\ Jeladl) UJSJ
_(EJ\_);

A =B +Q il dyss (Q)alalclase )
(G...&d\ D\AJY\)I:J\JJUALA\ b@Y\Mmch\ﬁMBJ\)ﬂ\:\AJJc&J
(Y olaiy 1) 31 jall o jUall ol Jiadh Laa 31 s J1 355 ) jall da j0 s vie
Qe = Ke 058 1Y) xie
caaill 3 ) ya Adlia) Jalad 3 ) adl Aa )3 83k ) (8 «(PCls sS8 Jia) 3)) jall 32 jUall @)l el
JIE Laa 523130 5,1 al) (alaia) ((mSall olai¥l) 51 all (alall slai¥) gai Jelill aagy @l
olai¥) () delail) anid ) jall A jo (add G GeSall e s K ded (it s &gl S 5
K& 5o 2305 PCls (e 2 el Lt (3,)all aall) olaY)
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) = PCls)  AHpn=—111KkJ
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.
el
Ko dad e 2355 sall da 508005 (AHpn > 0) 3,1 _all dalall el il
K Aad o 08l pal 4 538355 (AHin < 0) 13,) sl 53 Ul e il
In summary:
For endothermic reactions (AH;x, > 0): increasing temperature rises K.
For exothermic reactions (AHx, < 0): increasing temperature lowers K.
el (e IS AK A o g i Lgias Al 38 5 e )l pallda jop i) SigcaS 112 Jha
e LAl
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(]) = Ca(OH )2(aq) AH°=-82kJ
ibgll alualyllg aglell sluelgl
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b) CaCO3(s) = CaO(S) + @z(g) AH° =178 kJ
c) &;(g) = S(S) + Oz(g) AH°=297 kJ

a) CaO(s) + HzO(l) = Ca(OH )2(aq) T heat
K aad Jii s [Ca(OH)2] 2S5 pdds ladie ¢ gl gad aady slail) Jani s ) ) il
Adding heat shifts the system to the left: [Ca(OH),] and K will decrease.
b) CaCO3(S) +heats ) a2 CaO(S) + @;(g)
K A 213 35 [CO2] 52855 Ao adie ¢cpaddl gadanty alaill Jaad 3 ) jal) ddlia)
Adding heat shifts the system to the right: [CO;] and K will increase.
c) &;(g) + heat = S(s) + Oz(g)
K dad 2o 355 [SO2] 3855 addsy baie (el sai dady pllaill Jead's ) all Al
Adding heat shifts the system to the right: [SO;] will decrease, and K will
increase.

The Lack of Effect of a Catalyst SRl Jalad) 8l ase
£ Jrag 4l Jixy Laa ol 48 nds 3y 5k e el Jelaill g i sale s jaadll Jalall
& ol O ) 3390 ) i) Jaay 130 ¢ 8l paiiy el 5 el Jeliill g 50 55 Jgesl e il

st WS R O Y e gl i) ) cDle il A (Y s 0 9 O Y aada s G D e
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.

s Alae _Jolinll tial) g ) jLad)

Choosing the Optimum Conditions for a Reaction- Haber Process
Industrial Production of Ammonia i g3l e lial) Z Uiy

N2 + 3H2 = 2NH;s AH=-91.8 k]

B all cila o oS g (b oY) oS8 Aallad) o gicall g dcaddiiall 3 ) jall Cila jo e dulee Jads
& e Jarin 5 450°C (s @l (B sl pa da pa i) oy Gl Jeldll de ju (ol diaddial)
el de 5093 yall G s 51 55 (3831 200 atm ol
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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(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]

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 K8 C+D > A+B sA+B > C+D olelall 3 e juaba 3 (b
b) The reaction rates for both A +B — C+ Dreaction and C+D — A + B reaction
increases equally.
C+D o> A+Bdelal e ST A +B— C+Ddeléllde juaa (¢
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.

Jsiliaall 0 oS3 a5 el Sle aas ) palla jUa JSn Jeléy ¢ sapSH aunsT sl o g jaall (1 .2
i 359 (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
ayohll B sl sles (B Jslialls Cansonell Sl o S KIS P Ll s oy
u\JL.ud\ (e 951.3 «450°C ‘_A\ Jelall BB :\.;JJ Prrt ki éﬁ \J\ u\).ﬂ“ GJ\ d).a.éjﬂ oSe :\.SJAAJAJ\
Piainaa 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 paiy (a
a) The total number of molecules in the container decreases.
A AnSal) 5 Al ol lail) S Jelatll cile yu 35 (b
b) The reaction rates of both the forward and reverse reactions remain constant.
) g sall Ay jal) AN Ja i Jay (c
c) The average molecular mass of the gaseous mixture decreases.
sl dladde ju ol 35 Ly Gas g el 0 S de Hu J85 (d
d) Rate of formation of hydrogen decreases while the rate of decomposition of
methanol increases.
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(8-2)
O 4,13 x 1072 (K, Aad (585 Rina b)) ja da yd 2ie (a

a) At a certain temperature. K., is 4.13 x 107 for the K., for the equilibrium:

2IBrg = Iyg T Bray g
552 ol b [Bry Al 3k e dle 551 all dn o xie o 31 I e ol o5 38 il im0
¢ 0.0124 moles/liter IBrg xS 5 O 131 () 339 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)?

€0 32U J sea 1) 8 [Brg) 2 Ay 38 50 L (b
b) What was the initial concentration of IBr before the equilibrium was reached?

(8-3)
s 38.8% Sih Cun 700 °C vie 1.00 L 4xan sl s 3 Ay e 0.924 mole ias o
OV J sl

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+ 2C(%) . o
5 adl da jo (s ie K o) 53 culi dad L
What is the value of the equilibrium constant, K., at the same temperature?

8-4

ol 3 3 S 83300 ol 35810 el i€ 5588 a8 §2 i < R

Laa S5 130 s 857 388 Ol Y s 12 58 S 388 o) Y uld 18 5 8,7, 837, S

1S 5 So¥ e S3% U3 Ol Y culidad L S 5 ST (e o sShy

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 S5~ 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) = Lg + Bryg
| Y 0 0
C -2X +X +x
E 0.0124 X X
a) Y-2x=0.0124M
K= [Bry] [I2]/ [IBr]2 = xz/(0.0124)2= 413 x 1072
x=2.52x 10° M
[Bry] =[] =2.52 x 10° M
b)Y -2x=0.0124
Y=0.0124 +2 (2.52 x 10'3) =0.0174 M
8'3 N
( ) 3A(g) — 5B(g) + 2C(g)
I 0.924 0 0
C -3x +5x +2x
-0.329 5x 0.1195 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
__ [B]’[C]? _ (0.5975)°(0.239)* _
K. = AP K. = (0.5655)° 0.0241
(8-4)

(1)S*+Sg = S Ki=12

(2) S+ ZS(S) = S3% K>, =130

(3) S +Su =S (Kp=7?)
K, 130

Ky = — = — =10.83
® 7 K, 12
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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 O sal s Alall Jllaal) o Lo Galaiy 43 3 g3n0 (o st )l o seia (S15
el 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* 345 yisall sac 6l oo NHs 9 NH; 2 ¢ yiall paeall g
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 allay
1.a) HCN — CN-, b) HCOs;~ — COs?*, ¢) N2Hs" — N:H4, d) C.HsOH — C2HsO,
¢) HNOs — NOs-

2.a) C2H302~ — HC:H30:2 b) HCOs™ — H2CO:s, ¢) CsHsN — CsHsNH*, d) N2Hs*
— N:2H¢*', ¢) OH™ — H20
3.

HCO:{(crq) +\@>F(aq) _ Qﬁj;é:03((:f/} bk“((:(/}
a) base acid acid base
scldll) F~ 5 (HCOs™ & ouiiall asall) HoCOs <~ sl 8 HF 5 sac@ll 8 HCO5™
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/H2COs 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".

Lewis Concept of Acids and Bases a0 8l g o2 gaadl (a5l a 9gda
Adasl )y Sl il g S (g0 Bs ) i (3 g il iy (el 3523 <G N Lewis sl G
Al o8 03 5850 5 FEYH (a5 g s gl iy o o) e 20 1) i Ly st
NH:delii Jia ¢y s¥—Yinsi 5 3 a seia Wl lea iy ) Mo laill Al 1500 ) ghaiall 138 Jas)
s A e B ) HaOF pstisstaell (sl (e (0585 all iy G ¢ ALl Jsladll 8 HC e

ou 8B NHs 5 sl paes 0555 d) daag las (H-N ddal ) (583 NH; (0
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 HCI 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 -
H' + :N:H —— [H:N:H
H H
electron-pair electron-pair

accentor donor
Gty Ly ¢ o1 830 S Jamy 5 i 5 SN 1 55 02 2SI (il =103 «SO5 5 Na2O oo Jelaall
ou sl paeas deny s Uy SN = 55 SO;
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.

- () . : 0 : 2=
— T | Lo
0+ S0 — |:0:85:0:
0 10
Lewis Lewis
base acid

Gl s S 755 NH; goia Gus o AT Qe Wi gaY) ae (BF3) Ososl) a5l SO Jelis asd
zo0 Dol cpmdl Gaes BFs 5 ousl 3228 NHs 05S8 (BFs & ososdl 3,0 L soall

B-N k) (58l @l i1y
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 BF3 a Lewis acid, with the electron pair now shared to form a B—N bond.

'F I H 'F H
N K T/ e /
B—F: + :N—H — :F—B:N—H
VAT N
'F H 'F H
Lewis Lewis
acid base
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The formation of complex 1ons such as AI(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* + 6(:&?—H) — Al(:i‘)‘—mﬁ3+

H H
Lewis Lewis
acid base

onsh o seial 18 g 30 lall 5 prmeal) Sda i) cMlelal) 822 Jlia

Example 2: In the following reactions, identify the Lewis acid and the Lewis
base. a) Ag" + 2NHs = [Ag(NH;),]", b) B(OH); + H.O = B(OH), + H”

Agt + 2:NH; =—— Ag(: NH;),"

Lewis Lewis
a) acid base
Lewis acid a8l (aes: Agtaccepts lone pairs bl e a5 ) i
Lewis base 53228 : NHs (donates its N lone pair to Ag")

(Ag" A Naie Ll )l e = 55l ~ia)

b) B(OH); + H.O = B(OH)4 + H”

| T
RS H Lo
H—O:B + :O:H = [H—O:B:0O—H| + H’
I 15

Lewis Lewis
acid base

Lewis acid gu sl =aes: B(OH)s (boron is electron-deficient; accepts a lone pair).
(Bl e By ity ¢l g SIYL 588 () 5 5all)
Lewis base w5 328 H,O (donates a lone pair to boron to form B(OH)y).
(B(OH)y ¢nsSal gy sll dayl 5y a gy elall riag)

Acid and Base Strength ) gill g (a gandl g8
ey peany s ¢ st JE e Ll e ae ) g8l 5 (i geal) el ) (5 5¥ i g s o sebe b
Lleiay) Jde b0 sae Je sacldl) 38 adiad Loty «chligig jull lgaia A sem (s0a e 2l (asaall 58
5 Jelil antiy Ui ps ol g Cam ol 3 HCT ¢ Jie Dol A3 038 (a3 585l
i) (aeall H30" Jran lae (H30P 0 s 581 52 5 5 88 prans 4l e HCT Cajed ¢pal sai JalSIL
The Bronsted—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(aq) + H2Oq) — Cl'aq) + H30 (aq)
igis n 28 HCL o W (815 (H30™ (e Uisis e Jifit 3308 Jamy C1- sl O (ouiSall Jelil) yelay
1 Laes 3 HCL g H0™ (e ST Al g

The reverse reaction shows Cl~ acting as a base accepting a proton from HsO", but since
HCl loses its proton more readily than HsO*, HCl is considered as stronger acid.
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HClg + H200) = Cl'ag) + H30"(ag)
stronger acid weaker acid
Caracal a5l ) iy Lee datd 951 s oy ((HC2H302) €hlall (aes (00 0.1 M o3 5 Jsbae &

HiO0a
In a 0.1 M solution of acetic acid (HC2H30:), only about 1% ionizes, indicating it is
weaker than HsO".
HC>H3023q) + H2Oqy) = C2H3027ag) + H3O0 (ag)
e 8 4sly H3O' (e cinal HF s lae 3% Ma cnlid 0.1 M oS 55 Jslae & HF
psp ALY 038 (i geall 3 68 i 5 Ol ¢ I 5 HCH02
HC1 > HsO" > HF > HC:H30:-
Whereas HF in a 0.1 M solution ionizes about 3%, making HF weaker than HsO* but
stronger than HC2H3O:. Thus, the order of acid strength among these examples is:
HCI > H5O" > HF > HC:H30-
Baneld J8 st 8 oS0 ¢S (s LagdS Y elall 3 HI 5 HCT e i) (ym yand) &3 i (S ¥
9.2 Jsall zmash s 58 HI Of (Ao Ju Les cHCT 0alS o ST da s HI cplty ¢ &) llal) (ymas (i
a1 ) (Gl Y1) 5 A (o 2l 845 s g il i panl e oLall ol 3
HiO" (sS5 sad 4ah Cus H3O' g HCL Jeli 8 ean o 58 LS Conaia¥) (meal) sad cdle i) 44
A HaO Of Ly A5 ¢ ST A ggans 53 5_nl) Jaiinss (5 @AY 32l (& «C1s HoO Jia e sall duailly
) s2e ) olaily Cl 5 HsO* (583 s el aaiy «Cl e
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
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 H:O* and
shifts toward HsO". For bases like H-O and CI-, the stronger base accepts protons more
readily, so since Hz0 is stronger than CI-, the reaction moves toward products forming
H>O* and CI, following the direction of the weaker base.
se) gl 5 A 5 yiia dc ) 8 e Ay sl i genl) () Cum A jiall 4330185 g8 5 meall s g8 pu ABMe 2a 53
S e (a 9.2 Ul b im sl A5 jitall a5l 58 21335 ¢I3] chignaa A jita Lim pan llias g il
b LS (i) 3ac il g Ciead) (maall o 65 ) L3S Jiag ac il jmead) Jelis oladl cclld] JauY!
) Canaa¥) Lagy bt ) (s 81 3ac il 5 Gmandl (e Jeliil) dady g ¢ sSaall 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) + HoOq) = Cl'ag) + H30 o)

stronger acid stronger base weaker base  weaker acid
G men 8 Bacld Canal 32cl8 Camiial (fmasn
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pre aus )l
Acid Base
Strongest acids HCIO4 ClO4” Weakest bases
V) psadl H2I§IO4 HSIS)‘( i) sl y3)
HBr Br 4
HCl Cl”
HNO;3 NO3~
H;0" H>O
HSO4 SO4*
H>SO3 HSO3™
H3;POq4 HoPO4
HNO; NO>2™
HF F
HC,H30, CoH302
Al(H,0)6> Al(H,0)sOH?
H>COs3 HCO;3™
HoS HS™
HCI1O ClO™
HBrO BrO™
NH4" NH;3
HCN CN™
v HCO;~ COs*
CanoYl o gad H>0: H(Z)z_ &Y Ayl
Weakest acids EZSO gH‘ Strongest bases

Aslsilly o gaonl) el (5801 19,2 Sy
Table 9.2: Relative Strengths of Acids and Bases

e il 5 im geall dall (5 il e 1olaie) ) Jelil olas) S 19-1
Exercise 9-1: Determine the direction of the following reaction from the relative
strengths of acids and bases. ~ HzS(q) + C2H302 (aq) = HC2H302(q) + HS (ag)

Autoionization of Water slall 1A ol

Gl i Alae 3 Unpada 4l Ja (e 8 s A SEH 5 2c Sy anaS oy O slall (K

) GNP G [ W

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) + OH—(aq)

Jam) Osa ) AT ele £(g 3 ity Ll o(UaeaS deny) 05550 sle s(s0a ey eJelaill 1 &

el Gl Gl (OHY) 2S5 3l s (H301) pssisonedl sl i elldyg (32016

i) Al cle L)
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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 hydr0x1de ion (OH").
Al Jiay s elall 0ull Jaalas @l anls G el Jelil 13g] o) 59 s
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
S 5 el 5 o s 5 ued) i gl e A slusia Ialae | i) &) slall Ol Lay g
Because pure water produces equal numbers of hydronium and hydroxide ions,
[H;0"]=[OH]=1.0 x 107 at 25 °C
U=asAl g [H3O+] S % 2l (e u.ua\ \J\ Yalaia ‘55.\3\ PN ‘)g_ia.\ K\OA ey Jaa o
dala Ly oSl [H3O+])JS)J U=adAl g [OH™ ]).\S).\ Al «dacld a_\s.ua\ 13) «JOH] S
WoJ\PbJJmK JLJ}LAM [H3O+][OH ] 2 yia
This explains why pure water is neutral. If an acid is added, [H3O*] increases and
[OH™] decreases; if a base 1s added, [OH™] increases and [HsO*] decreases.
However, the product [H;O"][OH"] remains equal to K, at a given temperature.
Ky=2.5x101" ‘;\ J\J)':a «Jlall d:t.\u ‘;ﬁ EBJ\)J\ AAJ.J & K Pt 6u\)3‘2’\ &"_\.1\}3 & Jia
(e V8 all s o die S ST s oy gty sla) O ) ey Lea 37 °C e
Like all equilibrium constants, Ky, 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.

(A el Aalae (€I 555 ) e e colall Jia NH Alilad) L 51 205 13 Jlia
Example 3: 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 3'1'333‘ sacdl) Ji @3&‘ waaal) Jullaa
)5 A ol Jlae (8 OH 5 H30" Clisl 3 5 s oSy celall 8 0 sall 4403 wie
ST H;O 38 55 058 ¢ omns Jslae 8 i) elall & ands Jall g 5 4 sbaia OH 5 H30°

H;0" 3555 e ST OH S 55 058 ¢ g2ed 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 H30" is
greater than that of OH™. In a basic solution, the concentration of OH™ is greater
than that of H;O™.

AUl o g plall JaaSE 250C die

At 25°C, you observe the following conditions:
In an acidic solution, sl Jssa A [H30%]1> 1.0 x 107 M, [OH] < 1.0 x 107’ M
In a neutral solution, Jalxis Jslsse A [H30] = [OH]=1.0 x 107’ M
In a basic solution, =8 Jdsa A [H;07] < 1.0 x 107 M, [OH]>1.0x 107’ M

Ja 25°C 3 mda 0 2e].0 x 1070 M 0S4 S s ynedl sl 308 55 Jslas 1922
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Exercise 9-2: A solution has a hydroxide-ion concentration of 1.0 x 10 M at
25°C. Is the solution acidic, neutral, or basic?

Jdillaall pOH (S 5! a8 1) g pH (A sogd) a8 )
The pH and pOH of Solutions

35 ol o2 O (81 RO pstis el (sl 858 2mand JNA (g0 e Am ganl A 3 Gy (S

(PH) s s el U (e pladinly Leie a0 05 Lo LA l3a 8 a5

ot el sl S8 e 2y Jslaall dpsel5 ol man e pH e iad

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 10", at 25°C
-log Ky, = (-log [H:O™]) + (-log [OH]) =-log 1.0 x 1014
pKy =pH + pOH = 14.00, at 25°C
At 25°C, you observe the following conditions:
:25°C 5l yall da o vie Jalll) oy ylall Jaa M
 Neutral solution Jais J das: [H;0']1=1.0 x 1077 M — pH = 7.00
 Acidic solution 2a«ls Jslss: [H30%]> 1.0 x 107 M — pH < 7.00
* Basic solution =8 J dae: [H;07] < 1.0 x 1077 M — pH > 7.00
[H30"] 38 58 (b 4y sinad) ald V) ae (5 sl pH A & &, pdal) J L) 22e
The number of decimal places in the pH equals the number of significant figures
in the [H;0"] concentration.

o e (OH) 218 5 el 058 38 55 ol (5 simg p sl 20 5 508 (o i J slae 193 g

¢ slaall 136) pH ) e Lo 0,025 M
Exercise 9-3: 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 3acd _jhaaa il i)
Qi Adgrin i gan A el 5 Sl 5 Qi )l sl 5 0 e Jie Aadliall o) gall (e paell
Jslae 8 asnisynedl Osl 53S0 alagy Ll JaiSs o (e Yy o) 380 Alla ) slall e Ledle s
OIS 13) e 5 o5l el Y i1 8 oY) uld 341 i cppalil) (e i (mea
cpmaal) (manll Luilly (K15 (H30 00 0.10 M danams 0.10 M o 38 55 ¥ slaa (b e 8 Umen

0 el K, 5 B el JYR G Shady el el S0 (S,
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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
HsO7, but for a weak acid, the actual concentration is smaller and determined by
its K, value.
Acid-Ionization Equilibrium Constant K, K, waaad) ol o) 530 el
oy et e a5 A yiRall ine 85 (H30) posisoned) sl 0 Sl elall e meal) Jeliy

ol LS s lal) (3 (HC:H302) Shlall pmen ¢l eJUall o Sle paandl oS
An acid reacts with water to form hydronium ions (HzO") and its conjugate base
a process called acid ionization. For example, acetic acid (HC2H30O:), ionizes in
water as:

HC2H302(aq) + H20(1) = H30+(aq) + C2H302_(aq)
Lars omandl (a5 puell i 8 —COOH 4 sanse 58 CpansSY1 5 0 Adai el (i 5 5211 553 ()
e LS (Say (B 51 5% ) o aila (R iy 4ls cdymidn il g 1) Sl (mea ¢
toh WS Camia waaal o) 1Y)

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]
T [HA]
where: JURKEN
K. = acid dissociation constant el SIS s
[H;0"] = concentration of hydronium ions asais gl Gl gl S 53
[A"] = concentration of the conjugate base 4 yiaal) aclall S g3
[HA] = concentration of the unionized acid il e (maall 3 5

Jsaall z 52 el b Gl el sancall il ) 531 Als e K, pmen) 5 s jiay clia

Ko dad oral dllicd il oo Cinal) (i sanll ddmin 2 ges 32al i ganll (ili cul 5593
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.
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Acetic acid HC,H;0, 1.7 x 1073
Benzoic acid HC;H;50, 6.3 10°°
Boric acid H;BO; 5.9 x 10710
Carbonic acid H,CO; 43 %107
LECEIRY #8107t Subsance Fomule f;
Cyanic acid HOCN 3.5 107*
Formic acid HCHO, 1.7 X 107* s NE 18x10°
Hydrocyanic acid HCN 49% 10°1° Aniline CiHiNH, 421071
Hydrofluoric acid LELF BEER 0 Dimethylamine (CHy)NH sIx10
Hydrogen sulfate ion HSO,~ 1.1 x 1072
Hydrogen sulfide H,S 89x 1078 Elh}lﬂmi"e GHNH‘ ATxat
HS- 1.2 % 10~ Hydrazine N.H, 17x 107
Hypachlorous acid HCIO 3.5 X 10°% Hydroxylamine NH,OH LI It
Nitrous acid HNO, 4.5 % 107*
S e, o 10 Methylamine CH;NH, 4y
e il 5% 105 Pynidine CHN 4% 10
Phosphoric acid H.PO, 6.9 % 103 Urea NH,CONH, 15X 1
H,PO,~ 6.2 % 10~%
HPO2~ 48 % 101
Phosphorous acid H>PHO; 1.6 X 1072
HPHO,~ 7% 1077
Propionic acid HC;H;0, 1.3 % 10°°
Pyruvic acid HC,H,0, 1.4 X< 104
Sulfurous acid H,50; 1.3 X 1072

25°C 5)a Aa 3 die Al se) g8ll 5 (i gaal) (e de sanal U 6 43093 Jsaal)
Table 9.3: lists acid-ionization constants for various weak acids
(Jladd) & ol 3 Gameal) iy (e s al) (o) bl (Apd) Ao Jidd
The degree of ionization (a) represents the fraction of acid molecules that ionize
in solution:
[H*]
Co
(e 58 e amaall Jslae 38 555 K, ol <l e JS e Cipmaall el (ili A 50 aiad
)ﬁ\ JM\ u\SLo]S GKaJa_\;\MZ.A:\EJ.\Q “ﬂh@} ).\S\ u;am\h)dg"_u\s c)JS\Ka@QJ\SLA&S
ST calal) s ja il lasas
The degree of 1onization 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.
Jslaa HCeHNO, bl aitpa (5isoll salal (men g il (e (a4 Jba
R K, ol i dad L 25°C 2ie 3.39 5 skt pH da 4 Gauliill aes (50 0.012 M S S
0 staall 138 8 Ganlail) el il da o La s $25°C 2ie Gaseal)
2.0% Ay Gilia (ol (mes Jslae ladie 05 Al 435 gall sl (b
Example 4: a) Niacin acid is a monoprotic acid with the formula HCcH4sNO,. 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?
b) Calculate the molarity at which a niacin acid solution is 2.0% ionized.
a) [H:0*] =107 =103%=4.07x 10* M
HAqg) = H3O g T A (g,
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Co=0.012M

[A] = [H:0"] =4.07 x 10* M

[HA]=0.012 —4.07 x 10#=1.159 x 10> M
[H;0][A7] (4.07 X 107%)2

= = =143%x107°
a [HA] 1.159 x 102
[ionized acid] [H'] 4.07 x 107*
A =— — = = = 0.0339
[initial acid] C 0.012
Degree of ionization = 3.39%
2 -
b)a=20%=0020 K, =—- ¢ =Xatlze
1-a o
~ 143x107°x0.98 0.035 M
a 0.0004 e
Calculations with ionization constant (K,) (Ka) ¢l el aladialy cilibual)

DSl Gl 4301841 (9.3 J g3 (A WS) (HA) L paeal K, (oaeall ol _ubwuﬂ@u
&_u)s.d\ emul_,dl.c AALMMJ\}[}AJ.\S\).\JJ.\SMH3O+} A}HAUAJSSU\JJY\J.K;
Sl Ul & i e g LS (el liluall 38 (el Al (a gaadl Al & el

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 Jslaa (o8 i) ol 5 ool ol s el ana 3805 L 25 Jla
ol (mes Gl As 53 La g €U slaall pH 4 Le$25°C 2ie HCGHANO, Opsbsill (aes (ge

Example 5: What are the concentrations of niacin acid, hydrogen ion, and

niacinate ion in a solution of 0.10 M niacin acid, HCcH4NO,, at 25°C? What is

the pH of the solution? What is the degree of ionization of niacin acid?

Given: Co=0.10 M, K, = 1.4 x 10~° for HCcH4NO,

Use the weak-acid approximation (x << C): Ciia (aead Cy il aladiuly

2
K, ~ z—o = x = [K;Co = /(1.4 X 1075)(0.10) = V1.4 x 106~ 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 10> M
H=—log (1.18 x 107*) = 2.93

x 1.18x1073

~ —_—— — = ~ 0
o= C = 010 = 0.0118 = 1.18%
Base-Ionization Equilibrium (Kp) (Kp) 338l cals ol 3l
General weak base B B iule i sacld
Bag) * H20() & HB"(ag) + OH (o)

[HB*][OH™]

,K
Ky = ——5; [OH"] ~ JKyCo a = c_l: x 100%
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The Relationship Between K. and K, of a Conjugate Acid-Base Pair
el LS K 4 yital) asac ils el g K, camall Gaeall il culd o Ao 38Me 331 Say
) (JURS GLIA (yman aladiuly
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.
CH3COOH(aq) = H+(aq) + CH3COO_(aq)
[HT][CH;COO0]
® [CH3;COOH]
Aslaall @ 5 el ae CH3COO™ 4 yitall sac 8l Jelas
The conjugate base, CH;COO™, reacts with water according to the equation.
CH3COO_(aq) + Hzo(l) = CH3COOH(aq) + OH_(aq)
o S saclall (s ol 33l A8l sl
and the base ionization equilibrium relationship is written as
[CH;COOH][OH ]
b [CH,COO] ;
AnUaiall 3 gaall Cada g (i 5Y) (008 e Uiy cdilasS ¥ alaa (sl 3 Jal) 5a LS
As for any chemical equations, we can add these two equilibria and cancel
identical terms.
CH3COOH(aq) = H+(aq) + CH3COOf(aq) K.
+ CH;COO_@ + H,Op) = CH}COOH@ + OH_@ Ky
H;0() = H'aq)+ OH () Ky,
Aol diaeli s Cageia aes gf o 13 uday cadl gl 8 A elall U Je i oa dliandll
(0550 Ay Bae B (men 5 (o Amally ¢ 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,
Ki xKp=Ky, == K,xK,=Ky=1.0x10"
pK. + pKy, = 14.00
Jsladl pH dad Lo dasnbs sacld sa 5 AV Caidsl Wl axd Cp7H(oNO; 0t sall 15 JUia
£25°C 3, a4 2 die (4 ) sall (52 0.0075 M 0 S s
Example 5: 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?
Ky, =1.6 x 107 at 25°C.
[OH™] = \/K,Co = /(1.6 X 1076)(0.0075) = V1.2 x 1078~ 1.10 x 104 M
pOH = —log(1.10 x 10*) = 3.96 = pH = 14.00 — 3.96 = 10.04
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Salt Hydrolysis @R

OF Say colall b el 43} 2ie Bacl g Gman (e Jaladll Jeli e 35 sl S 5 2 <l
A kil 188 g Al 43Sl il sp¥) @l gl Cen @l 5 (Gacld o Uimaa f Walae il Jslaall ¢S,
U sanS Jaxi () #3Y) e Al G oY1 (s (Say ¢ (Bronsted—Lowry) s sh—ii s 5
Jlaall (pH) ism s el o8 23my Le st 5« lall Jshaall b 2el i
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) ¢ 52 saall 2l : Jlia
g2 Jslae adl iy laa pH = 11.1 %f 4l 0.1 M NaCN Jslaa

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)
e dalen] ady ON Lata ¢Yalaia Gl 2ai N colall aa Na®0sal Je iy
The 1on Na* does not react with water and 1s considered neutral, wherecas CN~
undergoes hydrolysis:
CN~(aq) + H20(aq) = HCN(aq) + OH (aq)
UJ:“ ER S ey el (e Gjﬁj} Jay ) aclsS (CN_) Lilud) Uﬁi Jazy o Jelatll 12a uﬁ
5 () Jaill ) saaill anly 5 jalall a2 (o yed Gacld J slaall Jrag Las ((OH) 2 5 5008l
H:O' 5l OH i) 5 &yl aiaed 5 acmen 0 oS elall o (53 L Jeliy 1 dalaal)
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") psisa¥) 0 sal 1l
Example: Ammonium ion (NHa4")
NHs4"(aq) + H20(1) = NHs(aq) + H:O*(aq)
pstisouell sl b e s Ll ) O sis s i 3 caeaS (NHe') pssised) sl Jeny
Lazaea Jsladll dzag Les «(H30Y)
The NHa4" 1on acts as an acid, donating a proton to water. As HsO" is formed, the
solution becomes acidic.
(Jdl.ﬂ.a 9 ‘5.@@ 9 (2ax) @.d\ Jolaa dads pass
Determining the Nature of a Salt Solution (Acidic, Basic, or Neutral)
asmlipll A e el S Cpeall ddmaall Gagenll e A AL @l
«C2H302~ uy\ g_,Jf—j (Jalxia 8 s KOH 4 g8l sac\dl) (e Gj-m K* Q};’i ‘_,JS (S siad (KC2H302)
Aaacld o8 Gl bl mes Comiall (maall 45 yiaal) aclall oa
1. Anions derived from weak acids act as bases.
Example: Potassium acetate (KC:H30:2) contains K*, from the strong base KOH,
which is neutral, and C2HsO:", the conjugate base of the weak acid acetic acid,
which is basic.
60
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C:H3027(aq) + H20(1) & HC:H302(aq) + OH (aq)
Ul CIm 05 Jlie el muads Y Aalaia 0 5<5 4 g8l) i gaal) (e Al dallal) < 50¥) 2
Ol 8 agle Jea s 13a (g 58 4l ()il (el (Y el pa Jelily Y HCI (s
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&i Gy ¥
NH; oo il NHe ' s 10 o saaS (ot ddgeaal) ac ) gall (pe diiiall Ao sall <l Y13
slall W 05 g0 iar O (Sar 0¥ (meaS Ca 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.
NHs4"(aq) + H20(1) = NHs(aq) + HzO*(aq)
Ca?" Ui sl NaOH (e gl Natosih 10l Alalaiia 3 58l ac ) gill (pa Adidall dam sall i 531 4
Ohalaie liy 5 5aaill Glauasy ¥ Ca(OH)2 oo Ul
Cations derived from strong bases are neutral. Example: Na* from NaOH or Ca**
from Ca(OH)2 does not hydrolyze and remains neutral.
Na'*(aq) + H20(l) — no reaction Jdeli &asy Y
T R
palic L) dpdeal) sV e ESIE dacaes 5 dan sall Apaeall Clig) lan
. saaS G yali (hydrated ions) dgsee <l sl O35 (asady ) lae 2A 5 [A Gfic sanall
AU AP Gy S AN(H20)6> Wik ine (A1) assie sl sl 0380 Ul s e
e O inall (gl A5, Apimen ST Lglany e oty Anpnll oLl iy (o g SSIY)
MSEEBT
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:0)¢’"(aq) + HzO(l) = Al(H-0)s(OH)**(aq) + Hs0"(aq)
Alalaie ol aclE f e 200 C)u)d Al Jallaal) cnilS 13) L 23a 26 Jla
Example 6: Decide whether aqueous solutions of the following salts are acidic,
basic, or neutral:
a) KCI; b) NaF; ¢) Zn(NO3),; d) NH4sCN
a) KCl — Neutral Jaxis
b) NaF — Basic el
¢) Zn(NOs): — Acidic e
d) NH4«CN — Basic el
52e 8 (CN) alead) (5 sl 223 Ly « (K, = 5.6 X 10719) aymia Wasa (NHa") s se¥1 (0 sol 22
Jslaall (5 & ML s (HON Gaeal a3 junall K, 4 (30 (Kp = 1,62 X 1075) 1S (5 8
oo JSi Lac
NH4" is a weak acid (K, = 5.6 x 107'%), CN™ is a much stronger base (K, =
1.62x107° from HCN’s tiny K,), basic overall.
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The pH of a Salt Solution e Jslaal pH (A g0l 280
:25°C i Ll & (HCN/CN-) il sac il aeall 7 531
For a conjugate acid—base pair (HCN/CN") in water at 25°C:
Ki:(HCN) x Ky (CN) =K, =1.0 x 107

— w
Kp(CNT) = K, (HCN)
Using the commonly tabulated daldll Jslaadl (e all aladinly
_. 1lox1074 .

(Adpall sae il oy 50 48, )k olaaiuly) 0.10 M NaCN Jstae dal 0o pH
pH of 0.10 M NaCN (weak-base approximation)
Hydrolysis il CN_(aq) + Hzo(l) = HCN(aq) + OH_(aq)

Let x =[OH]. With Co=0.10 M and K} « Co:
2

X

Ko~ = = x= JKpCo = +/(2.04 x 10-5)(0.10) = /2.04 x 10-6
0

~1.43x 103 M

pOH = —log(1.43 x 10%) =~ 2.85 = pH = 14.00 — 2.85 = 11.15

S ke eV dkila clileasS aadiud aadll s (HC/H0,) <ls il aea 1 :9-4 qu )

gl pH J 4 Lo o g0 seall &l 5 3 (50 0.015 M e s sima Sle Jslaa 8 lys ull (aan
6.3 X 1075 s sk by s il praeal (K,) mendl cplill s o Lale € glaall

NH4Cl 3 0.0100 M 23S 5 Jslae i A )3 cananl 2

Exercise 9-4: 1. Benzoic acid, HC;/Hs0O,, 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.

Kpnas = 1.75 X 1073

Buffers Aadaial) Jallaall

Ailn) vie @il s (pH) (renspued) ) A 3 55l il ol Jslae 58 plaiall Jsladl

(HA) Cosn Glans (538 (e il dadalall Jdlaall (33855 308 5l (ann (o B jpia lpaS

(BHY) 0yiall lguaen 5 (B) ddpaca 32e 8 5l (A7) 4 yiall aiacli

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™).

Osds (NHs) WiseY) sl ((CHsCOO™) <l (sl s (CH;COOH) <llall jaes :Jlie

, (NH4") a5 5aY)

Ailalray o 58 abaiall Jglaall 440 sl saclill (d ((H30" sl HY) iaes il 13)
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Leilalaes o iy daiall Jslaall 8 Cosmazall Gmeall (8 ((OH™) 5228 Caial 13)

L o)) il 5 pH e Gl casy Le (& A8l sac Wl ) Graeal) 7 abaial e 5 jall s2a
Example: acetic acid (CH;COOH) and acetate (CHsCOQO~), or ammonia (NHs)
and ammonium (NH4").
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 alila J slaal PH (A s o2l @0
u;\.ﬂ\;u\_’u)&g_umu)mam\a—umc}))\_u;\uxchHweL.md}h.A)m
o s sim phaid Jslae ol e osthadl) o s 5 gl y‘ S O 1—*4)5 (Ka) 2enl s@d‘
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:O" + A~

The relationship is: AR () S
o _ [H0M[A7]
) [HA]
Rearranging gives: et il Bale Ly
[H;07] =K @
3 a [A—]

Flbdala ¢y g paia Adlaa e Joass ccilaiy jle 5l 2l
Taking logarithms gives the Henderson—Hasselbalch equation.

B [A7]
pH = pK, + log [HA]
In general: ol J<i pH = pK, + log Ezfj]]

A (0 0.20 M 5 (HC:H30:2) <l (aes (10 0.10 M e 3:S 55 Jslae jpumad o327 Jlia
£25°C 2ie Jslaall 13gd pH 4af Lo (NaC2H302) ps sall
Example 7: A solution is prepared that is 0.10 M in acetic acid (HC,H350,) and
0.20 M in sodium acetate (NaC-H0O:). What is the pH of this solution at 25°C?
K. (HC2H302) = 1.7 x 1073
Use the Henderson—Hasselbalch equation:  :gblala—() g jaia Aalaa aladiuly
pK. = -log(1.7 x 107%) =4.77

[AT] 0.20
H=pK. +1 = 477 +1og —— = 4.77 + 0.301 ~ [5.07
PH = pK, +log G = 4.77 + log 575 +
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Addmg an Acid or Base to a Buffer alaia Jglaa ) saold i paas diLi)
amuj\umuba\mpr‘;u\).ml\ elm.d\ Jslaall o slay
SLIAT s o sSal cadAl) cdau\.m.d\ H;O" deliny ccdlall/ellall aea uﬂe-iﬂ-mdjla-ﬁg_é
Lo« w}ﬂdau\um@dsm‘uw\ OH ubj.a\ U\LQS pHMJAquﬂS.\LM
PH 4l s (e dh-'

A buffer resists changes in pH when acid or base is 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) ) JUall & Cogumnsall alaidl) Jgladl)l (e 75 mL 3 pH 4ad caal 28 Jlia

25°C 2e (.10 M HCI Jslae (30 9.5 mL 48La) 222 (0.20 M NaC2H;0: s HC2Hs0:
(s ele () (aeall 4aS (udi Ailia) s ) pH e A& Ciasgus Ll il lae o )8 &5

Example 8: Calculate the pH of 75 mL of the buffer solution described in

Example 12 (0.10 M HC2H30:2 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 <2&ll) = 0.0750 x 0.20 = 0.0150 mol

Moles of H" added (faeall (3o 4dliasll &Y 50 232=0.0095 x 0.10 = 0.00095 mol

Neutralization reaction: Jd=ill Jelis Hf(,q) + A~ (49— HAq)

na- (after reaction Jeldlll 223) = 0.0150 — 0.00095 = 0.01405 mol

nya (after reaction Jeladl) Ja-m) 0.00750 + 0.00095 = 0 00845 mol

pH = pK, +10g(—) —47696+10g(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 jlia
For buffer: rplaidl) Jslaall
ApH =4.99 —5.07=-0.08
For water: (8l elall

ApH = 1.95 —7.00 = -5.05
@.ﬂ\ ;LADMJ\AAJJJSAAJLPHMJM(J:.\A\ JJM\ (—;‘913.1 Cuﬁu‘g\
Conclusion: The buffer drastically resists pH change compared to pure water.
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Acid-Base Titration Curves A Al — Ludaaad) 3 plaall cilpiaia
aaa ol DA e e Jslae 3300l ) (aead) 40aS apaail Aac Bl — dpaaall 5 pleall aadind

; Al Jalall alay a3 slaall 38 51l 63 (Glaealdl ) 3acll)
(aal) ) saclal) 2] vie Jslaall (pH) i s ouell o0 ik o 8 pslaall iada el
e el 43S0 g Wb Jelami ) Al pall o4 5 GBS Adali yyon LSy iaial) 138 (g g
Adadil) ells e AL 48 91 pathy anlie Qi a5 — 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 ghbaelly g b Laan B laa
a2 «0.100 M NaOH 34 0.100 M HCI Jslae (s 25.0 mL 5_nlae «Jlia
Jslaall s sing  (pH = 7) S8 AR (ya o L8 5uS ey i o ol 8 s s 5 )
Al aladiul (Say, 58S xie pH = 7.0 A 0580 13 ¢Jalaia mde s 5 (NaCl e Ao 51 ie
9.1 JSAN (8 in g s LeS cBalad) 3L 3l 02 (e 8l Lei ol ity
(> Jery) 8.2-10.0 pH e & o(g2usl 0l (A a1l aac) 1l gl
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 mLAd casal Jslaal pH e cosl 19 JUia
.0.100 M HCl
Example 9: 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 HCIl.

H30(ag) + OH ™ (ag) = H20() + H20)

Step 1: Calculate moles of acid and base saclall 5 (aeall Y ge 220 aal
nge, = (0.0250)(0.100) = 0.00250 mol
nxaon, = (0.0100)(0.100) = 0.00100 mol
Step 2: Determine which is in excess ol Legal 23
HCI: 0.00250 mol, NaOH: 0.00100 mol, — Acid is in excess. (aesll sa (aildll
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 = —10g(0.0429) = 1.37

= 0.0429 M
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14 Volume NaOH
added (mL)  pH

0 1.00

5 118

0 Ol J il 10 137

10 $ink o Phenolphthalein 15 1.60
asll 2 195

3 C (‘lor[;f 21 206

= Equivalence point 2 220
= 58S Al 2 238
6 24 269
Blue 2 7.00

i — Bromeresol green 26 1129

b )__,ASWJ 2S 545 21 11.59

e 3 1175

29 11.87

30 11.96

35 1222

; ; = % 40 12.36

0 d 10 15 20 25 iC 35 40 45 50 45 IZ‘“)
Volume of NaOH added (mL) 50 1252

38 820l (5 8 (pmen B e inia 19,1 IS
Figure 9.1 Curve for the titration of a strong acid by a strong base

a8 Baslly Cimia (haan 5 pilaa

Iy 8 (e Blae inie o blaall inie Caling Ay 3aclly Cigeia (e B ples dic
& G, (pH) (rinsoued) adl 2y i paeal) (Y el 4l pH dad die Jsial
el 58l ol o s (1157 pH o) 58Sl ddais o ol 5 5 Ao o @l o eyl
Mied Apeal ST may Jalall sl il s dy 58 3ac iy (5 8 (e b lae B lli e aal pH
058y S Al vie (1R Joan) 10.0 GV 8.2 00 pH (520 (B 4351 ity (531 (Al g2l Ly
aill iy (53 Cismaal) Gaaal) el e (g s staall (8 @l s alaia s Gaet J sladll

9.2 JSal b en g 5a LS (Gacld Y slaa LAiie
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.

Yelloy Bromresol green
sl [l
2 BRSNS oS

g ' 1
Volume of NaOH added (mL.) 45 1246
n

Figure 9.2: Curve for the titration of a weak acid by a strong base
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Jstaer 0.10 M HF (o« 25 mL 3les o3 Ladie Sl 4dads e pH 4ad W 19-5
£0.15M NaOH (=
Exercise 9-5: 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™*

iy g8 e lhy Cimida (aan B plaa Ja) e
Stages Titration of a Weak Acid with a Strong Base

ibgll aludlllg aglell sliualgl

Main Species Tvpe of pH
Stage Present S(ﬂﬂ tion Major Reaction / Concept Behavior
Ll L gl | e i) o sgall gf Seial) a0 &gl
agasall P ol
| Before b Weak acid onl Partial ionization:
d d'f' ore base He;a 8GO Weakly acidic G ol He<7
addition || SRS 0R)  ames HA = H* + A~ p
sac\al) dilea) U (HA) :
[H*] = VK, [HA]
2. After some base Neutralization: Jaaill
HA+ OH™ - A~ + H,0
zgiifagggfe);e HA+A Buffer H:ndersor:Has:elbzzﬂc}il'se Gradual
v s both present) solution . i o increase
O ol Adla) £ 2my (, . . Elalula() g y21a Alalrs paiiul g
AL J8) 2ol Olaa) gie LaadS akice Jslase Lok [A] PENEL I L)
(sl Pt =PRa 7108 [HA]
3 Half- Moderate
equivalence point _ Buffer (buffered)
A e 50%ae | (TATTIAT e e PH =pK, P
5lsal) ?LZ‘ slas
iz
i A +H,0 = HA+ OH™
4. Equivalence A~ only Basic (frqm 2 K
ot Loate b hydrolysis) K. = -W H>7
poin (conjugate base) e ) saecls b=7% p
) A vie|| Lo A8 jia sacld o a
(3 [OH] = /Kp[A]
_ H determined by excess base:
Excess OH Pt X . :
saclall 1S )3 e ) |
> Aftelr it (from NaOH) ||Strongly basic el 85 w‘i\jfjw P H>>> 7
equiva ?r\gﬂe\ Eﬁgl;,_, i OH S s 3 | P
B ) (NaOH) o [OH_] _ _excess
Vtotal
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Solubility-product constant K, Kp Al Juala el

A ) o) sl sy b o) AL A 0¥ LRl Al sdy Asleiall ) ) dadail 5 el sda AL
e Aaloall salall s A ball il g3 g o ) il Jslaall 8 2a g3 G 68 gana Al 53 llias Al
5 A ALEN LaSl) 8 ((PHF2) (Ul pabaa s 518 Jia gl sall QB8 8 je dlla 88 A4ll)
re ) sl e Uyl 43S el gl ) G S 4
This section discusses equilibrium systems involving the solubility of slightly
soluble ionic 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:
PbF 2(s) & Pb2+(aq) + 2F_(aq)
sl LS (Qqp) i s Jhalas A8Dle i3 eJe il 138 (pa g
From this, the ion-product expression (Qsp) 1s written as:
Qsp = [Pb**][F7]?
Juala i anly Caoed 435 da ) (Qyp) i s Jualas 383e Juad clirin J slaall rsncy Laic
S8 s S salall Y ge dae A5 ¢ () A gall A g2 1 Al oda Ladi i g K Al
Bolal s 5 e dai adiad K e o SUL paall ey Abma syl a da 0 die Jlaall (e sl
When a solution becomes saturated, the 1on-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, Ky, depends only on temperature.
A () 585 M X sl (0 Bl cale S
In general, for a compound M,X,, the expression is:
Ksp = [M™]P [X7 ]9 = Ky, = (p's)’ (q-s)? = prq? s**9
Jelily g 48 sae 8 3 (S27) b U ¢yl Y elld g e Sl claghy € iany 8 Aald Alls 2a
2 S Jio 8 el dually (I (OH") 2 538d) 53l 5 (HS) ainSal) sl 0388 oLl e
ol LS IS Al () 35 vy ¢« (MS) el
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 (o)
and the K, expression is: Kp 4l Juals i d83e oS5
K = [Mn*[[HSJJOH]

.25°C e Mn(OH), o+ geie J sdsad pH s Mn(OH);, 2 )Y sall 4l caal) 19-6 <y
Exercise 9-6: 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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(9-1) &

Coxaa¥) sac @l & CoH30, 5 cinal) (aeall s HpS o lays anaa¥) sac i/ aeall sa Jelaill 4ay
dfbiﬂ\ ‘—‘-’u\ U\ gﬁ\ .C2H302_(aq) ) HZS(aq) U}SS °IA-’WL‘ d.'?“” U\,)Sy\ Ub ‘(Lﬁ)g\ L)é‘“AJ 3..\_)354” .‘;A‘:LS“ LS—’}S)

(ENeliiall) ) culall
The reaction goes toward the weaker acid/base. Since H-S is the weaker acid and C-H;0:" is
the weaker base (conjugate of the stronger acid), equilibrium favors H2Sq) and C2H3O2 (aq).
Favored side left (reactants).

(9-2) us

[OH] =1.0 x 10> M, Using, Ky = [H;0*][OH] = 1.0 x 10"*
H;0%] = L0 X107 _ 1.0x107°M
B0 =3 5%10s = &
[H30%] < 1.0 x 10”7 M, so the solution is basic e ld J sl

(9-3) 8

[OH] = 0.025 M
Ky = [H0°][OH] = 1.0 x 10"
—14
[H;0%] = 22— =40 x 1073 M
pH = -log [H30"] =-1log (4.0 x 1071*) = 12.40
pH = 12.40, the solution is strongly basic. LB dnelBianh ) Jladll

(9-4) %

1. Hydrolysis sill: CsHsCOO (aq) + H20() = HCsHsCOOaq) + OH (aq)
K, 1.0x1071

PT K, 63x10°5

Let x = [OH ] =[HCsHsCOO]

With Co=0.015M and x K Co

x = (Kb % Co)"? = ((1.59 x 10719)(0.015))">=1.54 x 10°M

pOH = —log(1.54 x 10°¢) = 5.81

= (pH=14.00 — 5.81 =8.19)

[HCsHsCOOH] = (1.54 x 107 M)

=159 x 10710

H ~8.19
g. For NH.* (the conjugate acid of NHs): L 5a YL (sl aeal
o Ky 10x107M e
Ka(NHJ) = s = 1o o5 = 571X 107
Hydrolysis sill: NH4+" + H.O = NHs + H;0*
Let x = [NHs] = [H30" ]formed.

Ko = 25 = 5 = x & (Ku0)'? = ((5.71 X 1010) (0.0100))" = 2.39 x 10-°M
Extent (degree) of hydrolysis el A
o= x = M =239x107* = 0.0239%.

C 0.0100
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(9-5) s

Var, =25.0mL =0.0250 L
[HF]=0.10 M
[NaOH]=0.15M
nur, = 0.0250 x 0.10 = 0.00250 mol
At the equivalence point, all HF is neutralized 58Sl Adadi aie HF JS Aalase G
N(NaOH) = N(HF),
0.00250
VNaoH = 015 - 0.0167 L = 16.7 mL
(NaF () F 43 yiiall atacld I JoSIL HF (aeadl J g3
All HF has been converted into its conjugate base: F~ (from NaF)
slall 8 Loy (201 T oy 5 sl (gl o Jslaall g gimy il
So the solution contains only F-, which hydrolyzes in water:
F~+H.O = HF + OH"
We use Ky, for this reaction: Jelal) gl Ky padiu

K, 1.0x1071
—=————=152x10"1
K, 6.6x107*

B = mol F~

(1= total volume
Total volume A axall=25.0+16.7=41.7mL=0.0417L

Kb:

— 0.00250 0.0600 M
[F1= 0.0417
_ [HF][OH]
T F]
Assumeu=_& x= [OH]
11 XZ
. X - =
1.52x10 0.0600

x=9.54 x 107
pOH = —log(9.54 x 1077) = 6.02
pH=14-6.02=7.98

F~ Gl gacldll ¢ 51 &0 NaF glall (Y 308 Gac Jslaall o 6 58S 4L xie ¢
So, at the equivalence point, the solution is slightly basic because the salt (NaF) produces
the weakly basic ion F.

(9-6) <%

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]=2%x3.6x10°=72x107
pOH = —log(7.2 x 10°) =4.14
pH =14.00 —4.14=9.86
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Purpose

Determine the molarity of acetic acid in a commercial
@EG ARB vinegar sample and report its mass percent, using a provided

standardized sodium hydroxide solution and phenolphthalein
~— as the endpoint indicator.

<) ga¥) g ) o<y

c 0.10 M ~ (bl 53 saall 2S5y J slae

goida

(1%) cnltial il Bl

ki cla

(alal) sie Caladll) 10 mL 4 &) shand (it s dals +) 25mL Aalis
Al Al 20 2,00 ML daens Aala

3 Y e base (125-250 mL) 4da s sia (5150

bk el Jue s

. 3.)_).1.\;.0 d,gdLLa “LLJES ;Lcj _5‘ UJS.

Provided Reagents and Materials

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

Commercial vinegar.

Phenolphthalein indicator (1%) .

Distilled water.

25 mL burette (+ stand and clamp), 10 mL graduated cylinder (for rinsing
if needed).

Volumetric pipette, 2.00 mL, with pipette filler.

Conical flasks (125-250 mL), at least 3 .

Wash bottle with distilled water.

Beaker or waste container, laboratory tissue.

Al cilaglas
.LL\UG:U &JL‘IMJ :‘7@‘} Q‘JLL} .;3)‘ [ ]
slally sala (uadl (5115 68 Jue) ¢4 S Bale o g0 gl 2S5 50 @
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Safety

Wear goggles, lab coat, and gloves throughout.

NaOH is corrosive; rinse skin exposure immediately with water.

Fill the burette off the clamp and below shoulder level.

Keep glassware stable; wipe the burette tip before each titration.
Minimize CO: uptake: keep the NaOH bottle closed; don’t leave NaOH
in the burette longer than necessary.

Balzall J8 La clua gad

a3kl & bl NaOH Jslaas Aallidl  Ja/cshail o
(3_1)0‘)‘)5-&}‘ Q\}M:‘:\LJJM é‘)\jﬁrbjuelc °

Pre-Titration Checks

e Rinse/condition the burette with standardized NaOH, then fill it.
e Label three clean conical flasks (Trial 1-3).

(ADEN Y glaall) cllnl) judaas

) 0 (AL S <l e 3-2) Jalb dpanal) Alalall Caladl 30 ga dagal
Alza (350 IS N Al 562,00 mL J&1 2,00 mL diale aladiuly

RO ;)A Olaal (3590 IS Hade ¢l 25-50 mL~ ;h/Ai

Ll gudll pe il ylad 3 Caual

Sample Preparation (Three Replicates)

e Good practice: Pre-rinse the volumetric pipette with vinegar (2—3 small
rinses).

e Using the 2.00 mL volumetric pipette, transfer 2.00 mL of vinegar into each
labeled conical flask.

e Add ~25-50 mL distilled water to each flask for adequate mixing.

e Add 3 drops of phenolphthalein indicator.

(;\JJlAA JSU) 3 ylaall

-0.02 mL _AY 4t sel S8 Ja alaly Gaphll (mid s dalindl cad Gl o @

g2l (sl il ey die Jhaall Caid gl ) jaiase ol a5 e NaOH — ile o
caaldl

Aili 30 418 a s uilaie by (5355 05 ey (a3 ki B,k ac il ol o

. NaOH asa el s dilgill 303l Jan o

.0.05-0.10 mL~ (saca plaa¥) i o) Jadh cpidiiall il 55K @
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Titration (Repeat for Each Trial)

e Place the flask under the burette; lower the tip into the flask. Record the
initial burette reading (to 0.02 mL).

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.

cilibual)

.0.00200L=2.00mL=d3ll aa= o
CH;COOH+NaOH— CH;COONa +H,O (1 : 1 i) :Jelidll iilea o
Al glaa S
dacall &Y g 22e n (NaOH) =M (NaOH) x Vi (NaOH) e
aeall Y g dae =32 ldll Y sa 222 p (NaOH) =n (acid) e
waaall )Y sall 38 5 M (acid) = n (acid) / 0.00200 e
: 60.05 g.mol™! = 4 sll Al 5 1,00 g-mL! = 48USN ) 38l (m/m%o) bl 4l
2.00 gz dd=llAS o
uaseall A m (acid) =n (acid) x 60.05 e
ol Jall Jslaa (8 (aeall KN 4ol 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

- !# ..n!‘

3

oaiadall ele fll 4 alblall e o
2 sie saiall g 4 glie L 5a e elay daliull Calall o
Ay Jut )y mlandl alai o
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Clean-Up

e Collect waste in the designated container.

e Rinse the burette with distilled water, store inverted with stopcock open.
e Wipe the bench and wash hands.

el al gﬂ\ bl

A glae JST AalEll Al Aty cled Sl

Al slae IS (i) V (NaOH) saclal) aas

) s gidl 5 A e JSI M (acid) paesll 38 53

sbal o il 5 A glae JS m/m% LSl mas A

IS Gslladl bl a8 <5% = a3 903 J2 s NaOH = 0.10 M S s sdales d3adla
dalall (50 25 ML Leaa dali J20 my e 1385 ¢16-17 mL 418 2.00 mL leeaa L
L 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 (%em/m) for each trial and the average %m/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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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
Tl dsan s 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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O pac Jolaa+ (3.;;2-\3 «LLcLEé) HCIl + Na.COs — COz(g) °
CO32_(aq) + 2H+(aq) — COz(g) + H20(1)
(HCI 5| NaCl (s« Cl™ saae) sl sl 3 Ag® + CI- — AgCl) ®
Ag'(ag)t Clag) — AgClys)
CO; 2ebai g aeall me sdy 3 i aud ) Agt + COs> — AgaCOs) @
Ag ag) + COs* (aq) = AZ2C0s)

il ye Gaul sl ;Ba?t + S0 — BaSOu) o
Ba*(aq) + SO+4* (49 — BaSOa,

oanl il ) Ba?t + COs2 — BaCOs) o
Ba2+(aq) + CO32_(aq) —> BaCO3(s)

Key Cues (for teacher, not handed to students)

HCI + Na2COs; — COx( (clear fizzing) + colorless solution.
COs* (aq) T 2H(aq) = CO2,) + H20yy)

Agt+ ClI- — AgCls) white precipitate (from NaCl or HCI).
A g T Cl g = AgClyy)

Agt+ COs>” — Ag2COsgq) (off-white; dissolves with acid, releasing COz)
AZ g T COs* (2 — A2C0s)

Ba** + SO+~ — BaSOx, (white precipitate, insoluble white).
Ba2+(aq) + SO427(aq) — BaSO4(S)

Ba** + COs* — BaCOs) (White precipitate).
Ba*'(aq)+ COs* (aq) = BaCOsx)

VY g Jala)

SO# g2 Ba?* 1 BaSOues «(H7COs2) .35 iSs CO, Aabilill ldlally 1) o
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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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1 PERIODIC TABLE 2
L H He
1.0 II. A InmA IV.A V.A VLA VILA 4.0
1.0 1.5 EN* 2.0 2.5 3.0 3.5 4.0
2 3 4 atomic number 5 6 7 8 9 10
Li Be Chem. symbol B C N O 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 2.4 2.8
A 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti A\ Cr | Mn | Fe Co Ni Cu | Zn | Ga | Ge | As Se Br | Kr
39.1 40.1 45.0 47.9 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
‘I Rb Sr Y Zr | Nb [ Mo | Tc | Ru | Rh | Pd | Ag | Cd In Sn Sb Te | 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 0.9 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 0.9 1.1
87 88 89 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
7| 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 7
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]
* EN: electronegativity
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chaptre 1 WORK AND ENERGY

1.1 THE WORK

In everyday language, the term work can have several meanings, but in physics it carries a precise
and specific definition. In physical terms, work describes what is accomplished when a force acts on
an object and causes it to move through a displacement.

For clarity, we shall consider only translational motion, assuming that the object behaves as a rigid
body without internal deformation and can thus be treated as a single particle. Under these

assumptions,

111  Work Done by A Constant Force

The work done on an object by a constant force, that is, a Force that remains constant in both
magnitude and direction is defined as the product of the magnitude of the displacement and the

component of the Force that acts parallel to the displacement.
In mathematical Form, this relationship is expressed as:
wW=F;d
where Fj is the component of the constant force F that lies parallel to the displacement d.

Alternatively, it may also be written as:

W = f dcos8 m
Here, F is the magnitude of the applied force, d is the magnitude of the displacement, and 8 is the
angle between the directions of the force and the displacement. The cosine Factor ensures that only

the portion of the force acting in the direction of motion contributes to the work done.

Work is a scalar quantity it possesses magnitude but no direction. It can, however, be positive or
negative,depending on whether the Force component acts in the same direction as the displacement

orin the opposite direction.
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dealing with work and forces, it is crucial to specify which Force is

performing the work and on which object. In systems where multiple Forces act,one must distinguish

between the work done by each individual Force and the net work performed by the total (resultant)

force on the object

d

Concept Check

A student lifts a box of mass m vertically h with constant velocity and then walks horizontally d.

What is:

-The total work done by the student,

- the work done by Forceﬁp?

Fy

ﬁrﬁ.

mg

Important Notes

-Work is a scalar quantity, it has no direction, but only magnitude, which can be positive or negative.

-Work is @ means of transferring energy to and from a particle.
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Work is positive: if the force has a component in the direction of motion, and it

increases particle's velocity (its kinetic energy), and an Energy is transmitted to the particle.

Work is negative: if the Force has a component in opposite direction of motion, and it decrease

particle's velocity (its kinetic energy), and an Energy is transmitted from the particle
Think:

Figure shows four situations in which a force is applied to an object. In all four cases, the force has
the same magnitude, and the displacement of the object is to the right and of the same magnitude.
Rank the situations in order of the work done by the force on the object, from most positive to most

negative.

Note that positive work means energy is transferred to the object and vice versa

| #

(a) (b) (c) (d)

1.1.2 Work Done by the Kinetic Friction Force
The work done by the kinetic friction force is negative always, because its direction is opposite to

the direction of displacement. We calculate it by the equation

Wi =—fid )

Where d is the length of the friction path, regardless of its shape (straight or otherwise)

=iy —>

N N
N TR
I b,
R Fy

<

Ad
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1. Draw a free-body diagram showing all the forces acting on the object you choose to study.
2. Choose an xy coordinate system. If the object is in motion, it may be convenient to choose one of
the coordinate directions as the direction of one of the forces, or as the direction of motion. [Thus,

for an object on an incline, you might choose one coordinate axis to be parallel to the incline]

3.Apply Newton's laws to determine unknown forces.

4. Find the work done by a specific force on the object by using W = Fdcos 6 for a constant force.

The work done is negative when a force opposes the displacement.
5.To Find the net work done on the object, either:
(3) fFind the work done by each force and add the results algebraically; or

(b) find the net force on the object F,,.;, and then use it to find the net work done, which For

constant net forceis: W = Fdcos 6

Example 1.1

A piano with a mass of 330 kg slides 3.6 m down a frictional incline at an angle of 28°, moving
without acceleration, as a parallel force pushes it along the incline, as shown in the figure. If the
coefficient of kinetic friction is 0.40, calculate each of the Following:

a. The force exerted on the piano.

b. The work done on the piano.

c. The work done by the Friction Force.

d. The work done by the gravitational fForce.

/ »

e.The net work done on the piano.

Solution:
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The piano moves at a constant speed down the inclined plane. The force F, represents the force
exerted by the man on the piano.
a. Newton's second law For each direction of the piano, with acceleration equal to zero.
In the direction parallel to the incline, the sum of the forces is:
The component of the weight parallel to the incline is

Fgy = mgsin 6

The friction force opposes the motion and is given by

Fr = pmgcos 6

Since the object is not accelerating, the man's force balances the difference between these two
Forces: therefore,

E, =mg(sin 6 — yycos 0)

Using the numerical values:

E, = (330kg)(9.80 m/sz)(sin 28° — 0.40cos 28°) =~ 3.8 x 102 N

b. The work done by the man is the work associated with the Force Fj,, and the angle between this

force and the direction of motion is 180°:
W, = decos 180° = —(380N)(3.6m) = —1.4 X 103

c. The angle between the friction force and the direction of motion is 180°, so:
Wy = Fydcos 180° = —umgdcos 0
Wy = —(0.40)(330kg)(9.8 m/sz)(3.6 m)cos 28° ~ —4.1 x 103

d. The angle between the gravitational force and the direction of motion is 62°. Therefore, the
work done by gravity is:

W, = mgdcos 62°

W, = (330kg)(9.8m/s*)(3.6m)cos 62° ~ 5.5 x 103

Exercisel.l
A body of mass m = 20.0 kg moves on a rough horizontal surface with a constant velocity under

the action of a constant Force Fthat makes an angle of 8 = 37.0°above the horizontal.
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If the coefficient of kinetic fFriction between the body and the surface is y;, = 0.40,

calculate the work done by the force when the body undergoes a displacement of d = 8.50 m

Exercisel.2

During a windstorm, a smooth box slides over an oily patch such that its displacement is given by:
d=(-3.0m)i

A constant wind force acts on it, given by:

F=(@QO0N)I+ (—6.0N)j
Calculate the following:

The magnitude of the force, The magnitude of the displacement, The angle between the force
and displacement vectors.

The work done by the force on the box during the displacement.

113  Work Done by The Gravitational Force
The figure shows two cases of particle motion:

a) An applied force lifts the object. The object's displacement makes an angle of 180° with the

gravitational Force.

b) An applied force acts on the object; The displacement of the object makes an angle 0° with the

gravitational Force.

Explain the positive and negative signs of work done by the applied force F and the gravitational

Force Eg .
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v

An object of mass m moves perpendicular to the earth's surface
If the object is rising: the work done by the gravitational force:

W, = —mgd 3)

If the object falling down: the work done by the gravitational force:

Wy = mgd 4)

Examplel.2

Find the magnitude of the force required tolift a helicopter of mass M with an upward acceleration
of 0.10g, then calculate the work done by this force when the helicopter rises a vertical distance h
upward.

Solution:

Newton's second law in the vertical direction, taking upward as positive:
YK, =F,—Mg=Ma=M(0.10g) = F, = 1.10Mg

The lift Force and the displacement are in the same direction; therefore, the work done by the lift

force when the helicopter rises a vertical distance h is:
W, = F, hcos 0° = 1.10 Mgh

Concept Check
What is the work done by the gravitational Force that the Earth exerts on the satellite, keeping the

satellite in its circular path?
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Note:

This is why the Moon, as well as artificial satellites, can stay in orbit without expenditure of fuel: no

work needs to be done against the force of gravity

114 Work Done by A Varying Force
The work done on an object can be calculated using the force-dependent Formula: W = F d cos6.

However, the basic idea of work remains valid even when the force is changing in quantity or

direction.

However, in many cases, it does not remain for long, but rather degrades as the object moves, either

inits consumption orin its direction. For example:

- The gravitational force acting on a rocket decreases the further it moves away from Earth, because

itis inversely proportional to the square of the distance from the center of the Earth.
- The Force of spring increases the more elongated it is.
- The Force also changes when a cart or box is pushed down a slope.

All of these cases are called variable forces, meaning the force changes with displacement.

Therefore, we cannot directly use the work equation for constant force.
Graphing for Calculating Variable Work

We assume that the force acting on an object is not constant, but rather varies with the displacement
d.The component of the force parallel to the displacement can be represented by a graph showing

the relationship between Fcosf and d, as shown in the Figure.

10
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a3 LSl F||

b5l s

dy  AalY dg

To approximate the work calculation, we divide the total distance into very small segments, each with
amagnitude of Ad.We assume that the magnitude of the force in each segmentis equal to an average

value F; and the approximate work for that segmentis Aw = F; Ad

This is represented geometrically by the area of a small rectangle with a base of Ad and a height of

F; . By adding the partial works for all the sections, we get the total work, that is:

(5)

i

W=ZFAd

1
L

sl LI LSl F
N |

dy dal oy dp

Result

The work calculation graphically equals the area enclosed between the curve (the force component in the

direction of motion - position) and the position axis.

Example 1.3
The net Force acting on an object is directed along the positive x-axis. Its magnitude increases

linearly from zero at x = Oto 24.0 Nat x = 3.0 m,then remains constant at 24.0 Nfrom x = 3.0 mto

x =8.0m.

After that, it begins to decrease linearly until it reaches zeroat x = 13.0 m.

11
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Calculate the work required to move the object from x = 0 mto x = 13.0 musing the graph and by
computing the area under the curve of the force F,versus the x-axis.

Solution:

0 2 4 6 8 10 12 14
x (m)

The work done represents the area under the curve. It can be found using the formula for the area

of a trapezoid:

1
W= (13.0m+5.0m)(240N) = 216

Concept Check

Four graphs (drawn to the same scale) of the x component Fx of a variable force (directed along
an x axis) versus the position x of a particle on which the Force acts. Rank the graphs according to
the work done by the force on the particle fromx = Otox = x1, from most positive work first

to most negative work last

12
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Exercise 1.3

A mass 2.25kg move with the acceleration shown by the graph. find the work done on

this mass by the net fForce?

Acceleration (m/s?)

Position (m)

11.5 Work Done by a Spring:

Block-Spring System is a common physical system for which the Force varies with position is shown
in Figure block on a horizontal, frictionless surface is connected to a spring. If the spring is either
stretched or compressed a small distance from it unstretched (equilibrium) configuration by applied
Force Fpy,, the spring exerts on the block a Force that can be expressed as:
Fs = —kx (6)
where x is the position of the block relative to its equilibrium (x = 0) position and k is a positive
constant called the force constant or the spring constant of the spring, notice that the applied force

Fapp is €qualin magnitude and opposite in direction to the spring Force Fsat all times.

13
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In other words, the force required to stretch or compress a spring is proportional to the
amount of stretch or compression X. This fForce law fFor springs is known as Hooke's law. The
value of k is a measure of the stiffness of the spring. Stiff springs have large k values, and

soft springs have small k values. As can be seen from Equation, the units of k are N/m.

The negative sign in Equation signifies that the force exerted by the spring Fsis always

directed opposite to the displacement from equilibriumx.

|
|
| .
: Fo 4
’ o . X A

- '
| |
:
1
|
|
¥ 1
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Work is equal to the shaded area between the curve and the x-axis

1.2 ENERGY

The concept of energy is one of the most important topics in science and engineering. In everyday
life, we think of energy in terms of fuel for transportation and heating, electricity for lights and
appliances, and foods for consumption. However, these ideas do not really define energy. They
merely tell us that fuel is needed to do a job and that those fuels provide us with something we call

energy.

Energy: One of the Ingredients of the natural world, it takes many forms and can be transformed
from one form to another.It can be defined (itis valid for mechanical energy) as the ability to do work,

oritis something that causes a change inits surroundings, and it is measured in joules

For example: A spring (a) can store energy (elastic PE) when compressed as in (b) and can-do work

when released (c).

MWW

(@) (b) N ©

1.21 Kinetic Energy
Energy acquired by an object due to its motion

KE—l 2
=S mv

v (?) :velocity

15
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Concept Check

Rank the Following velocities according to the kinetic energy a particle will have with each
velocity, greatest first:

@) v =—41+4f

(b) v = =30 + 4

(c)ﬁstm. 0 = 30°

Examplel.4

The relationship between speed and kinetic energy is one of the most important relationships in
physics, as the kinetic energy of an object is related to its speed in a non-linear way. When one of
the two quantities (speed or kinetic energy) changes, the other does not change by the same Factor,
which requires a precise understanding of this relationship.
What is the factor by which the speed of an arrow increases when its kinetic energy is doubled, and
by what Factor does its kinetic energy increase when its speed is doubled?
Solution:
Since KE = %mvz,

Thenv = Z(KE).
m

Therefore, v xVKE,

and thus, if the kinetic energy is doubled, the speed increases by a factor of V/2.and since

KE = %mvz, we have KE « v?2.

Therefore, if the speed is doubled, the kinetic energy increases by a factor of 4.

16
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1.2.2 Work- Kinetic Energy Theorem:

The laws of conservation of energy and linear momentum have attained broad significance due to
the simplicity of their application when analyzing multi-body systems—particularly in situations
where determining the force responsible for the motion is difficult or even impossible. It is also
noteworthy that these two laws are applicable across various other branches of physics, including
atomic physicsinits different subFfields, especially in cases where Newton's laws of motion lose their

validity under such conditions.

According to Newton's second law, when a net force F,,,.; (wWhere F,.; constant force)acts on a body

of mass m, it produces an acceleration

e vf —vf (8)
2d
By substitution, the work done on the body can be determined as follows:
v? — v?
Whet = Frecd = m(T) xd

1 9
Whet = Frecd =§m(1]f2—1]i2) ©)

Whet = KEf — KE; (10)

The work-energy theorem states that:

The total work done by the net force acting on a particle is equal to the change in the particle’s

kinetic energy:

1 2 _ .2
ZW=KEf—KE,-= Em(vf—vi)

Important Notes

-The Work- Kinetic Energy theory can be applied to both constant and variable forces.

-When we use the work-energy theory we must consider all Forces that do work on a particle when

calculating the total work done.

17
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-The work- kinetic energy theorem indicates that the speed of a particle will

increase if the net work done on it is positive, because the final kinetic energy will be greater than

the initial kinetic energy.

-The speed will decrease if the net Work is negative, because the final kinetic energy will be less than

the initial kinetic energy

Examplel.5
A car of mass m = 1.0 X 103 kg accelerates uniformly from an initial speed of v; = 15.0 m/sto a
final speed of vy = 25.0 m/s. Determine the net work W, required to cause this change in

motion.

15 m/s

Solution:

The net work done on an object equals the change inits kinetic energy:
1 2 2
W,oor = AK = Em(vf - Vi)
Substitution:

1
Wier = (1.0 X 10%)[(25.0)2 — (15.0)?]
W, = 2.0 X 105 J

Exercisel.3
A body is released from rest and falls Freely through a vertical distance dunder the action of
gravity alone. Show, using appropriate equations, that the total work done on the body by the

gravitational Force is equal to the kinetic energy gained by the body during its fall.

Concept Check

A block slides to the right on a smooth, frictionless horizontal surface while being acted
upon by two horizontal forces, F;and F,.The figure displays three plots of the block's
kinetic energy Kas a function of time t.

Based on the figure, determine which plot corresponds to each of the following cases:

18
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(3) When the two forces are equal in magnitude F; = F,.
(b) When the First force is greater than the second F; > F,.

(c) When the First force is less than the second F; < F,.

£ £,
4 >
t

1.2.3 Potential Energy
Its energy is associated with the configuration of a system of objects that exert forces on each

other, and associated with conservative forces, such as:

Gravitational Potential Energy: It accompanies a system consisting of the Earth and an object and is

related to the force of Earth's gravity (a conservative Force).

Elastic potential energy: It accompanies a system consisting of a spring and a block attached to it and

is related to the spring Force (conservative force).

Potential energy can be considered as stored energy that can do work or be converted into kinetic

energy.

1.2.4 Gravitational Potential Energy
Energy acquired by an object if it is higher or lower than a reference frame with a vertical

displacementh

PE; = +mgy 12
that Equation is valid only For objects near the surface of the Earth, where g is approximately

constant.

19
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Example 1.6
A roller-coaster car of mass m = 1.00 x 103 kg moves successively from point (1) to point (2) and
then to point (3).

(a) Determine the gravitational potential energy of the car at points (2) and (3), taking the

reference level y = 0at point (1).

(b) Find the change in potential energy as the car moves from point (2) to point (3).

2

XXX
XIXIXIY
XIXIXIX
XIXIXIX
XXX
XIXIXIX

(a) Calculating the Gravitational Potential Energy at Points (2) and (3):

The mass of the roller-coaster carism = 1.00 X 103 kg, and the acceleration due to gravity Is

g = 9.8m/s%The reference level is taken at point (1), where y; = 0.

From the figure, the height of point (2) is y, = 10.0 m, while point (3) is below the reference level
atys = —=15.0m.

Thus:

PE, = mgy, = (1.00 x 10%)(9.80)(10.0) = 9.80 x 10*J
PE; = mgys; = (1.00 x 103)(9.80)(—15.0) = —1.47 X 105 J

(b) Calculating the Change in Potential Energy:
APE = PE; — PE, = (—1.47 x 10°) — (9.80 x 10*) = —2.45 x 10> )

20
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The negative sign indicates that the potential energy decreased by 2.45 x 10° J.

This means the car lost gravitational potential energy, which was converted into kinetic energy as

it moved downward from point (2) to point (3).

Exercise 1.4

An athlete with a mass of 55 kg begins climbing from an elevation of
1.6 X 103 mand reaches a summit that is

3.3 x 103 mhigh.

a. What is the change in his gravitational potential energy?

b. What is the minimum amount of work the athlete must do?

c.Can the actual work done be greater than this value? Explain why.

1.2.5 Elastic Potential Energy
Energy stored in a spring due to its compression or expansion from its equilibrium position with

value x
13
PE, = = kx?
x=0
(a) Unstretched E
L
Ve R
(b) Stretched E
—x—i
AN
Y b
(c) Compressed
Example 1.7

A spring with a force constant Kis stretched by a force F, causing an extension x. Then, a new force

2Fis applied.
What is the ratio of the new elastic potential energy to the previous one? Explain the result you
obtain.

Solution:

21
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From the Force relation:

When a force Fis applied, the spring extends by x:
F; = kx
When a force 2Fis applied, the extension becomes 2x:
F, = k(2x)
From the energy relation:

1 1
PE, = E1<x2,PE2 = Ek(2x)2
Energy ratio:
PE;

=4
PE,

The Force is directly proportional to the extension (F « x),
but the elastic potential energy is proportional to the square of the extension (PE « x2).
Therefore, when the force doubles, the extension doubles, and the potential energy increases

Fourfold.
Conservative And not Conservative Forces:
Properties of Conservative Forces: Conservative Forces have two important properties:

(@) The work done by a conservative force on an object moving between any two points does

not depend on the motion's path.

(b) The work done by a conservative force on an object in a closed path of motion is equal to

zero
(a closed path is the path where the initial position applies to the final position).

For example: the gravitational force and the spring force are conservative forces. This is
clear from the equations for calculating the work of the gravitational Force and the Force of

the spring,

crate is pushed slowly at constant speed across a rough floor from position 1 to position 2
via two paths, one straight and one curved. traveled d is greater (as For the curved path), then
work done by friction force is greater. The work done does not depend only on points 1 and

2; it also depends on the path taken.

22
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Therefore:

&

the fFrictional Force is nonconservative force

B —

straight path )
>
path
curved path

1.2.6 Conservation Of Mechanical Energy
It can be easier to apply the Work- Kinetic Energy Theory by classifying the mechanical system into

conservative or non-conservative.

NON-CONSERVATIVE SYSTEM

CONSERVATIVE SYSTEM

It is affected by non-conservative
forces.
Note: Forces (friction-external pull

and push forces- air resistance) are

ZWM - fid=E—E 1

The sum of the external work Y Wy,
(except the work of conservative
Forces such as weight and spring
Force).

The work of the kinetic Friction force
—fid

examples of non-conservative forces.

It is not affected by non-conservative forces.
Note: The (weight-spring) forces are conservative
fForces.
Er = E; 14

EfThe sum of the initial and final mechanical energies
Mechanical energies mean: Kinetic, Gravitational
Potential, Elastic Potential

1 1

2
Emvf+2

kxf + mgys 15
1 2.1,
=5 mv +§ kxi + mgy;

the principle of conservation of mechanical energy:

IF only conservative forces do work, the total mechanical energy of a system neither increases nor

decreases in any process. It stays constant—it is conserved.

23
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Conservation of Mechanical Energy

1. Draw a picture of the physical situation.
2. Determine the system for which you will apply energy conservation: the object or objects and the
forces acting.
3. Ask yourself what quantity you are looking for and choose initial (point 1) and final (point 2)
positions.

4. If the object under investigation changes its height during the problem, then choose a reference
frame with a convenient Y=0 level for gravitational potential energy; the lowest point in the situation

is often a good choice. If springs are involved, choose the unstretched spring position to be x = 0.

5.Apply conservation of energy. For other nonconservative forces use your intuition for the sign of

its work is the total mechanical energy increased or decreased in the process.
6. Use the equation(s) you develop to solve For the unknown quantity

Example 1.8

IF arock is released from an initial height of h = 3.0 m, determine its speed when it has fallen to a
height of 1.0 mabove the ground, applying the principle of conservation of mechanical energy
Solution:

We apply the principle of conservation of mechanical energy, where the sum of potential and

kinetic energies remains constant (neglecting air resistance):
PE, + KE, = PE, + KE,
At the moment of release from rest, the initial velocity is v; = 0, therefore:

1
mgh, = mgh, + Emvz2

By cancelling the mass from both sides:

1
ghi = gh, + Evzz

v, =+/29(hy = hy)

Substituting the values:

v, =4/2(9.8)(2.0) = V39.2 = 6.26 m/s

24
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Considering significant figures:

v, = 6.3 m/s

Exercise 1.4

If the height of the hill in the figure is y = 40 mand the roller-coaster car starts from rest
at the top, determine:

(a) the car's speed at the bottom of the hill, and

(b) the height at which the car's speed is half of that value.

Assume y = 0Oat the bottom of the hill and neglect Friction.

1.3 POWER

Power is defined as the rate at which work is done. The average power equals the work done divided
by the time required to do it .Power can also be defined as the rate of energy transfer. It is a scalar
quantity measured in watts (joules per second) in the International System of Units (Sl).
In practical applications, mechanical horsepower is sometimes used to measure the power of

engines and machines, where one horsepower is approximately equal to 746 watts.

1hp=7461/s

INSTANTANEOUS POWER AVERAGE POWER

Rate of work done (or output) on an object or a machine | Average work done (or output) on an
per time unit object or a machine per time unit:
If the force is constant in magnitude and direction, its

instantaneous power can be calculated by the law: 17

]l
Il
=S

25
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P=Fv 18

IF the velocity is constant, then:

instantaneous power = average power.

Example 1.9

A runner of mass 60 kgtakes 4.0 s to climb a long staircase whose vertical height is 4.5 m

The poweris gien by
_mgh
Tt

P

Substitute the values

_(60)(9.8)(4.5)

P=66x102W=660W
Convert to horsepower

p=200_ ogsn
T 726 0P

P=6.6x10>wW = 0.88hp

Exercise 1.5

A body of mass 10 kgstarts from rest and moves up a smooth inclined plane (Friction
neglected) under the action of a Force of 96 Nparallel to the incline and directed upward.
If the length of the incline is 25 mand its angle of inclination is 37°, calculate the

instantaneous power of the Force Fat the end of the incline in watts (W).
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Chapter (1) Questions: Work and Energy

Concept Check:

(1) Inthree situations, a briefly applied horizontal force changes the velocity of a hockey puck that
slides over Ffrictionless ice. The overhead views of Fig. indOicate, for each situation, the puck's
initial speed v, its final speed v, and the directions of the corresponding velocity vectors. Rank
the situations according to the work done on the puck by the applied force, most positive First

and most negative last

Y B ¥ f=4m/s
3/’,-=2m/s %

v;=6 m/s
X —%—x X

?:':flm/s ? &:21}1/5
f=2m/s

(a) (b) (e)

(2) The Figure shows the horizontal component F,of a force acting on a particle. If the
particle starts from rest at x = 0:
(a) At what position does the particle have its greatest kinetic energy?
(b) At what position does it have its greatest speed?
(c) At what position is its speed equal to zero?

(d) What is the direction of the particle’s motion after it reaches the position x = 60 m?

E, x (m)

25 10 10 15 20 20 30 35 40

27

ibgll alyalyllg aglall slualg




Rl il ajlig

Ministry of Educatior

(3) In

). .
SR 4 SO
el & Nsmo

Mawhiba
Figure, a horizontally moving block can take three frictionless routes,

differing only in elevation, to reach the dashed finish line.Rank the routes according to (a) the

speed of the block at the Finish line and (b) the travel time of the block to the Finish line,

greatest First

] .
.v< B:
C:

(4) In Fig.a block slides along a track that descends through distance h. The track is frictionless

except For the lower section. There the block slides to a stop in a certain distance D because

of friction. (3) If we decrease h, will the block now slide to a stop in a distance that is greater

than, less than, or equal to D? (b) If, instead, we increase the mass of the block, will the

stopping distance now be greater than, less than, or equal to D?

]
!
h
4

o
SRS

(5) A man wishes to load a refrigerator onto a truck using a ramp, as shown in Figure. He claims

that less work would be required to load the truck if the length L of the ramp were

increased. Is his statement valid?
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Problems and applications:

(1) A vehicle traveling at 60 km/h requires 20 m to come to a complete stop. What distance will
the vehicle need to stop if it is moving at twice its initial speed, that is, at 120 km/h? Assume
that the maximum braking force does not depend on the magnitude of the speed.

(2) A 6.0-kg block initially at rest is pulled to the right along a horizontal surface by a constant
horizontal force of 12N. Find the speed of the block after it has moved 3.0 mif the surfaces in
contact have a coefficient of kinetic Friction of 0.15

(3) Work on a Backpack Aman carries a backpack of mass m = 15.0kgup a hill to a
vertical height of h = 10.0 m, as shown in the figure. Assume the motion is smooth
and occurs at a constant velocity (a = 0). Calculate:

(3) the work done by the man on the backpack W,,,,,

(b) the work done by the gravitational Force Wy, and

(c) the net work done on the backpack W,.

Use g = 9.80 m/s®, and express all numerical results with the correct number of

significant fFigures

(4) A block of mass mis attached to the end of a spring (spring constant k).

Write the equation of the total mechanical energy, neglecting friction and the mass

29
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of the spring, in terms of x, the position x, and the speed v, when the

block begins to oscillate back and Forth after being displaced by an initial distance x,.

(5) Askierstarts from rest at the top of a frictionless incline of height 20.0 m, as shown in Figure.
At the bottom of the incline, he encounters a horizontal surface where the coefficient of
kinetic Friction between the skis and the snow is 0.210. How far does he travel on the
horizontal surface before coming to rest, if she simply coasts to a stop? Use the principle of

energy conservation.

(6) A mass tied with a spring, it's in normal length, the mass falls a distance h before coming to

rest, If the spring constant: 400N/m Calculate the value of the mass.

(7) Two blocks are connected by a light string that passes over a frictionless pulley, as shown in
Figure.The block of mass m1lies on a horizontal surface and is connected to a spring of Force

constant k. The system is released from rest when the spring is unstretched. If the hanging

30
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block of mass m2 falls a distance h before coming to rest, calculate the

coefficient of kinetic Friction between the block of mass m1and the surface

k

(8) ablock of mass m=12 kg is released from rest on a frictionless incline of angle 30°. Below the
block is a spring that can be compressed 2.0 cm by a force of 270 N. The block momentarily
stops when it compresses the spring by 5.5 cm. (a) How far does the block move down the
incline from its rest position to this stopping point? (b) What is the speed of the block just as

it touches the spring?

(9) A body of mass 10 kg starts from rest and moves up a frictionless inclined plane under the
action of a force of 96 N directed parallel to theincline and upward.If the length of the incline
is 25 m and its angle of inclination is 37°, calculate the instantaneous power of the force F in

watts at the end of the incline.

31
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chaptre 2 EXPERIMENTS

The Famous physicist Lord Kelvin has a well-known quote: "I often say that when you measure
something and express it in numbers, you know something about it, but when you cannot measure it

and express it in numbers, your knowledge of it is limited and unsatisfactory."

Think: Give an example to which Lord Kelvin's quote applies.

2.1 PHYsICS AS AN EXPERIMENTAL SCIENCE
Experimental Physics is the foundation of modern physics. It is the method by which we verify the

correctness of theories and discover new phenomena. This is done through building experiments and
taking measurements, where measurement is the comparison of an unknown quantity with a

standard quantity.
Why do we need experiments?
e Verifying theories:

Physical theories explain scientific phenomena and therefore must be tested. For example, Einstein's
General Theory of Relativity predicted that light bends under the influence of gravity in1915,and this
was verified in 1919. Note that the time period between theoretical predictions and practical

confirmations can reach several years or decades.
e Discovering new phenomena:

Many scientific discoveries came from unexpected practical observations, such as the discovery of

X-rays by scientist Réntgen in 1895.
e Developing technologies:

Experiments lead to the development of new technologies that benefit humanity, such as the LASER

which began as a theoretical prediction and then became a fundamental technology in our lives.

Research: Give examples of important experiments throughout the history of physics. What are the

physical quantities that were measured in these experiments?

33
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2.2 PRECISION, ACCURACY AND ERRORS IN EXPERIMENTS

There is a difference between two main concepts in experiments:

Precision: Refers to how close repeated measurements are to each other. Precise measurements

give closely grouped results, even if they are far from the true or reference value.

Accuracy: Refers to how close a measurement is to the true or accepted value of the measured

quantity.

Look at the figure below which illustrates the difference using the image of targeting the center of
a circle with arrows. Case 1is neither accurate nor precise. Case 2 is precise due to close results but
not accurate due to distance from the target. Case 3 is somewhat accurate but not precise. Case 4 is

both precise and accurate.

Exercise 2.1: Ahmed and Hussam measured the speed of light. Ahmed obtained (3.001 + 0.001) X
108m/s, and Hussam obtained (2.999 + 0.006) x 108m/s. Which is more precise and why? Which is

more accurate, given that the standard value for the speed of light is 2.99792458x10® m/s?

There are generally two types of errors we face when conducting experiments: statistical
errors and systematic errors. Systematic errors stem Ffrom limitations in the precision of
measurement instruments in the experiment and other Factors that limit the precision and accuracy
of measurements. Statistical errors come from variation in measurement results when repeating
measurements many times, and can be reduced by taking additional data.

34
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You will not estimate errors in your results at this stage, but you will work on

strategies to reduce them, such as repeating measurements to avoid statistical errors and being

careful to build and execute experiments properly to avoid systematic errors.

2.3 DATA RECORDING

There are three basic stages for every experiment in the Physics Olympiad. The First is construction,

the second is measurement, and the third is analysis.

In the construction stage, you will need to Follow certain steps to build your experiment. For example,
in electrical circuit experiments, you will need to connect measuring devices and other electrical
circuit elements to the rest of the circuit. Sometimes, most steps for building the experiment will be
given, butin some experiments, you will need to think about how to build the experiment yourself. In
some experiments, it's easy to do this step, but in others, this stage may be the main challenge in the

experiment.

In the measurement stage, you will start conducting the experiment, and during this time you will

take various measurements that will help you find what is required.
Note:
e You must review the rules of significant fFigures.

e Remember that the precision of a measuring instrument equals half the value of the smallest
graduation on the instrument, so when writing your measurement results, make sure not to

use significant Figures that exceed the measurement precision of your instruments.

Example 2.1: Reema conducts an experiment slidinga cube on a smooth inclined plane to measure
gravitational acceleration. She will use the known result from Newton's laws that acceleration is

related to the distance covered d and time duration t as follows:

1
d = Eatz

In the case of a smooth inclined plane:a = gsin6.

35
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values in a table showing units and measurement precision.

Let's assume she measured the angle 8 and the length of the slope d. She will need to record these

6 [degree]

d[cm]

tq[s]

ty[s]

ts[s]

tals]

ts[s]

10.

150.0

138

128

1.33

1.20

134

The question now is how do we use this data to obtain gravitational acceleration?

2.4 DATA ANALYSIS AND GRAPHS

After you have tabulated your data, you will begin the third stage, which is the data analysis stage. In
this stage, you must perform some calculations on the data you have collected. In case of repeated

measurements, one of the simplest operations is taking the average.

1
%
i

X

_X1+X2+"'+XN_

Calculating the average helps you reduce the effect of statistical error.

measured in cm.

10+ 15+ 18 + 25

L=

4

cm =17cm

Example 2.2: calculate the average length From the list {10,15,18,25} given that they are all

Solution: The formula for the average is given by the sum of the values over their number:
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Exercise 2.2: Calculate the average timein Reema's experiment, then calculate the

gravitational acceleration based on this result.

Note: You don't always need to repeat measuring all data. For example, you will need to repeat
measuring the cube's sliding time several times, but you don't need to repeat measuring the length

of the inclined slope or the angle several times.

When conducting an experiment like the cube sliding on an inclined plane experiment, it's useful to
repeat the experiment with different distances and angles so we can extract unknowns through
graphing. Often you will need to plot your data on a graph to find the value of some unknown. In
simple cases, the theoretical prediction For the relation between variable x and variable y is often

given by a function like:
y=ax"+b )

where n is given and the requirement is to find the two unknowns a and b. The easiest way to do this
is to transform the equation into a linear equation by calculating and plotting x™ on the horizontal
axisinstead of x. Forexample,ifn = 2,you will calculate the squares of x values from the data table,

then plot them. Then the slope of the straight line will be a, and the y-intercept will be b.

Example 2.3: Sama conducts an experiment sliding a cube on a rough inclined plane to calculate
the kinetic Friction coefficient p between the cube and the rough surface. She collected the
Following data, using an inclination angle 8 = 30°. Given that gravitational acceleration at the
experiment location equals 9.8 m/s% Sama collected data on the cube's sliding time For different

distances and put them in the table below.

dlem] | ti[s] | tals] | tsls] | tals] | ts[s] | tawgls] | tavgls®]
40. 109 | 116 | 107 | 113 | 1M 111 124
50. 128 | 121 | 124 | 17 | 127 123 152
60. 136 | 134 | 128 | 137 | 142 135 183
70. 156 | 145 | 142 | 161 | 140 149 222
80. 158 | 157 | 162 | 157 | 156 158 2.50

Note:
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1
d= Eg(sin@ — pcos 6)t?

So she plotted a graph of tg,,gversus d:

C‘[Cm]/
301
70 L
601 g

50 4 18y 65— 40 cm

40 ] !

Ax= 1.0-4.5 s*
30 |

20 1
10

1 I Il 1 Il i 1 ' 4
T T t +

0 0§ 10 45 20

25 %2[81]
The slope will be

%Y 033 mis? = ~g(sin® o
A= O m/s —Zg(sm ucosf)

And solving the equation for u, we find that: 4 = 0.50.

e Thelast two columns in the table were calculated using a calculator.

Each column in the table starts with the measured or calculated quantity and its unit.

Sama will use her knowledge of Newton's laws to deduce that distance is related to time through:

Important notes:

Note that the origin point was used in this analysis because it's obvious that the time duration

will be zero when the displacement is zero, but using the origin point is not possible in all

experiments and you must determine this.

e Thereareno points betweent = 0.0sandt = 1.0 s at the beginning of the graph, and this

is appropriate because the precision of time measurement becomes worse when the

distance covered is small because it becomes closer to reaction time.
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Exercise 2.3

&

:In one experiment, there was an object moving with constant

Q-O-LLY
NSMO

acceleration a in a straight line starting From rest. Saud conducted this experiment several times to

measure the time the object needs to cover different distances. Saud recorded his measurements in

the following table:

dlm] | tils] | tls] | tsls] | tals] | Gs[s] | tavgls] | taugls®]
10 088 | 085 | 097 | 089 | 097
20 132 | 123 | 124 | 121 | 124
3.0 156 | 151 | 133 | 163 | 147
4.0 180 | 184 | 170 | 184 | 175
5.0 188 | 202 | 206 | 201 | 200

Complete the table for the given data, then use what you know about motion with constant

acceleration to find the value of acceleration a. Find the value of a by drawing an appropriate graph.

Exercise 2.4: Kayan analyzes data collected about a new star around which several planets orbit. The

Following table shows the semi-major axis of these planets' orbits around the star and the time

period of their complete orbit.

ibgll alyalyllg aglall slualg

a[107km] T[years]
5.2 0.15
17.3 091
30.8 2.11
48.1 4.40
61.9 5.80
68.8 7.01
74.5 7.17
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Draw an appropriate graph and use this data to calculate the star's mass. You can

assume that the star's mass is much larger than the planets' masses.

Note: Notice that in this data, you cannot use the origin point (a,T) = (0,0) in the analysis because

it is not a case that can be obtained practically.
Important Notes: we will mention here some general useful tips For Olympiad experiments:

e While conducting experiments, it's important to think with the mindset of an experimental
physicist and not a theoretical physicist. Building your experiment and taking data does not
require deep and clear theoretical understanding of what happens in the experiment.
Therefore, avoid spending much time trying to understand theoretical derivations of given

equations and the like.

e Beforebuildingyour experiment,read the steps and match the experiment tools. You will lose

a lot of time if you make an error in building your experiment.
e Don't Forget significant fFigures.
e Don't Forget unitsin graphs and data tables.
e Always write the quantities you measured or chose in the experiment clearly.

e When taking repeated measurements, build a data table that clearly shows the measured

quantities and their units.
e Leaveroom for data analysis in the tables you create.
e Think about how to reduce errors in your experiment.

e When drawing a graph, make sure your drawing covers more than two-thirds of the graph

area.

40
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2.5 SOME SIMPLE EXPERIMENTS

Experiment 1: Free Fall

In this experiment, you will calculate gravitational acceleration through free Fall. You will drop small
balls from different heights and calculate the fall time. This data will help you find the gravitational

acceleration on Earth's surface.
Tools:
e Timer
e Length measuring tool
e Two balls with different masses
Calculate the gravitational acceleration for both balls and compare your results.
Experiment 2: Static Friction:

In this experiment, you will calculate the static Friction coefficient between a rough surface and an

object.

Tools:
e Roughinclined plane with adjustable inclination angle
e Protractor to measure angles
e Small cube or board

By changing the inclination angle, determine the static friction coefficient between the inclined

plane and the object you chose.

Experiment 3: Measuring Cube Dimensions:
In this experiment, you will determine the dimensions of an unknown object using vernier calipers.
Tools:

e Small cuboid with unknown dimensions

41
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e Vernier calipers

Learn how to use vernier calipers and record your measurements of the parallelepiped's dimensions.

42
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2.6 SIMULATION TEST

Question 1: Calculating Spring Constant
Tools:
e Spring with unknown constant
e Length measuring tape
e Different known small weights for hanging
e Base for hanging the spring
Hang the spring vertically. Assuming that the spring's restoring force Follows Hooke's law:
F, = —kAy
where Ay is the displacement from the equilibrium point.
Find the spring constant k, given that gravitational acceleration equals approximately 9.8 m/s>.
Question 2: Simple Pendulum
Tools:
e Simple pendulum
e Measuring tape
e Timer

The oscillation of a simple pendulum has a periodic time T that relates to gravitational acceleration

g and rope length L through:

Calculate the period of the simple pendulum to determine the magnitude of gravitational

acceleration.

43
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Hint: To reduce error resulting from starting and stopping the timer, calculate

the time for several periods.

Note: The mathematical Formula above for the period of a simple pendulum is accurate when the

oscillation angle is small.

Solutions:

Exercises:

()W =5.1x10%]

) | Fl1=63N,|d|=3.0m,80 =110°,W = —6.0]

(3) Wiy = M X Ay = 2.25 X 16 = 367

@ W= %mv2

(5) APE = PE, — PE, = 0 — 2.45 x 105 = —2.45 x 10%J
(6) v=128m/s , y=30m

M P=13%x103W

End of chapter:

Concept Check:

(1)M/c > Wa > Wb

@)

() its greatest kinetic energy at X =10m
(b) its greatest speed at X = 30m
(c) zero speed at X = 60m
the particle's directionx = 60 m +x

(3)(a) Order of final speeds: v; > vg > v,
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(b) Order of arrival (who reaches first): C > B - A

(4) (a) Decreasing the height h The car will stop before point D.

(b) Increasing the mass the car will stop at the same point D.

(5) It does not depend on the length of the route.

Problems and applications:
(1)80 m
(2)1.8 m/s

(3)  (3) Wy = 1.47 x 103

(b) W, = —1.47 x 103 J

() Wier = (147 X 10%) + (=1.47 x 10%) = 0
(4) Eiora = %mv2 + %kx2 = %kxg.

(5)d = 95.2m

(6)k = 1.58 x 10% N/m

1
_ ng—gkh

Db =——

(8)h=046m , v=3.0ms

(9)P =13 x 103 W

Final answers to the fourth stage
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Solutions to the first chapter exercises

Exercise 1.1: Fyg ~ 3.53 X 1022N, Fy;z ~ 2.00 X 102°N, F),; < Fgs
Exercise 1.2: M, ~ 7.4 X 10%%kg

Exercise 1.3: final answer is given

Exercise1.4:a = r.b = r.c = 0. The foci merge at the center of the circle.
Exercise 1.5: AA/At = VGMR /2

Exercise1.6: T2 = 41?13 /GM

Exercise1.7: E = —GMm/2r

Exercise 1.8: final answer is given

Solutions to the first chapter additional questions

Question 1.1: Wy, = 75 N

Question1.2: h = 36000 km

Question 1.3: x = 2d/3. x is the distance away from 4m toward m.
Question1.4:d,,,, = 53 X 102 m

Question1.5:v = \/W/RO

Question 1.6: K, /K; = 107 T, = 2.8 years

Question1.7: xp = 4d/5,yp = —3d/5

Question 1.8: 7 = 6.8 x 10°m

&

NSMO
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Solutions to the first chapter simulation test

Question1:a = H/5T?

Question 2:T; = mgsinf,T, = mg cos
Question 3: Vi orminat = Mg /b
Question 4: v, = ,/5gR

Question 5: v, = /2Gm/a
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Question 6: V,=.4GM/3d

Question7: v = 2.0 km/s.T = 96 mins

Solutions to the second chapter exercises

Exercise 2.1: Ahmad is more precise while Hussam is more accurate
Exercise 2.2: T = 1.31 5,9 = 10.1 m/s*
Exercise 2.3:a ~ 2.5 m/s”

Exercise 2.4: M ~ 4.0 x 103%g

& Rsmo
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