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12 Chapter 1

The molecular weights of N, H,S, and NaHCOs are 14, 34.1, and 84, respectively.
1 mg/L =1 ppm; 1 ug/L = 10°9/10° g = 1 ppb = 10~ ppm
(@ 4.2mg N/L =4.2 ppm =4 200 ppb

42 MIN  IM o 300x10°M=3.00x10%m
L 14 000 mg
(b) 12 ug H,S/L =12 ppb = 12 x 107 ppm
M, 1M =352x107 M=352x 107 m

L~ 34.1 x10° g

() 136x10°M=1.36x10"m
0 mole 8 84 000 mg

1.36x1 =114 mg/L = 114 ppm = 114 x 10° ppb
mole
Substance MW Concentration molesinlL mole fraction
H,0 18.0 1 000 g/L 55.56 1.00
NaCl 58.5 75 mg/L 1.28 x 10°° 2.30 x 10
CsH1,06 180.0 120 mg/L 6.67 x 107 1.20 x 107
0, 32.0 8 mg/L 2.50 x 107 450 x 10°°
Ca(HCOs), 162.0 150 mg/L 9.26 x 107 1.67 x 10°°
MgSO, 120.4 45 mg/L 3.74 x 107 6.73 x 1078
KNO; 101.1 15 mg/L 1.48 x 107 2.66 x 1078
Total 55.56 1.00

The last column was calculated after the total moles in the system was calculated.

Substance [],mg/L MW Factor [1as N, mg/L
NO, 0.40 46 14/46 = 0.304 0.12
NO; 1.90 62 14/62 = 0.226 0.43
NH; 0.70 17 14/17 =0.824 0.58
NH; 8.90 18 14/18 =0.778 6.92

Total 8.05

e

Im 1292 9 gair)(10%® m 10° L)(10°
[CO]=2.0 ppm(loeng/ppmJ( 28 )( : 9)( L )( yg)
g g Im mg

=2.59 x 10° ug/m?

(@  NHj; has a net charge of +1. Each H has an oxidation number of +1. .. N has an oxidation
number of -3.
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SO? has a net charge of —2. The 4 O's each have an oxidation number of —2. .. S has an oxidation
number of +6.

Fe has an oxidation number that will make the overall compound neutral.

Fe ox. no. = —[2(+1) + 2(-2)] = +2

(b)  The oxidation numbers on each H are +1 for a total contribution of +4.
The oxidation numbers on each O are —2 for a total contribution of —4.

The C—C bond makes no contribution. The C on the right is bonded to two O's, one of which has an
H bonded to it. The ox. no. of this carbon is —[1(1) + 2(-2)] = +3. To maintain a neutral compound
the oxidation number on the other C must be —3 (which can also be determined by noting that it is
bonded to three H atoms).

6. The compound is neutral. The average oxidation number on each C is
~ 12(1) + 6(—2)
6
7. NaClO,;: Na-+1; O--2; x=—[1+(4)(-2)]=+7
NaClOs: Na-+1; O--2; x=—-[1+(3)(-2)]=+5
ClO,: 0--2; x=—2)(-2)=+4
NaOCl: Na-+1; O--2; x=—(1-2)=+1
HOCI: H-+1; 0--2; x=—-(1-2)=+1

0X. no. = =0.

NH,CI: Because Cl is more electronegative than N it must have an oxidation number of —1. H
- +1,

forN, x=-[-1+2(1)]=+1
NHCl,: Cl--1; H-+1; forN,x=—[2(-1)+1)=+1

NClz: Cl--1; forN,x=-3(-1)=+3
HCI: H-+1;, x=-(1)=-1
8. (a) 6H,0 + 6CO, <> CgH1,06 + 60,
(b) Aly(SO,); + 3Ca(HCO3), < 2AI(OH); + 3CO, + 3CaSO,

9. Nitrate is produced from the oxidation of ammonia in aerobic (oxygen is utilized) biological
wastewater treatment.

@ Determine which of the following core reactions is feasible and balance it.
i NH; + O, = NO;

ii. NH; + O, = NO; + H,0O

iii. NH; + O, » NO; + H,0 + H*

iv. NH; + O, = NO; + H,O + OH™

V. NH; + O, ~ NO; + H,



CHAPTER 1 3

10.

11.

12.

Only reaction (iii) is feasible because the charge will balance on each side of the equation. O needs
to be multiplied by 2 on the left-hand side, which will not affect the charge balance.

NH3 + 202 ~ NOE + Hzo + H+
(b) Oxidation reaction for ammonia

Ammonium adds an additional H to the LHS and an additional positive charge. An H" is required
on the RHS.

NH; + 20, ~ NOj; + H,0 + 2H"

In an electron transfer reaction, the oxidation number of oxygen decreases from 0 to —2. The
equivalent weight of oxygen is 16/2 = 8 g. For O,, each oxygen atom decreases its oxidation
number from 0 to —2.

0, + 4e” — 20%

The equivalent weight is 32/4 = 8 g. Also reaction 28 in Table 1.3 can be checked to show that the
equivalent weight of O, is 8 g.

Use reactions 25 and 27 from Table 1.3. Reverse reaction 25.
iNH; +3H,0=iNO, + 3H" + e

($)[4NO; +EH"+ e =§N, + 3H,0

ENH, =4N, + FH +3e

Normalizing the half-reaction to the transfer of 1 e~ $NH
The gram molecular weight of ammonium is

MW =14.0 + 4(1.0)=18.0¢

Its equivalent weight in this reaction is 18 g/3 = 6.0 g.

Use reactions 26 and 27 (or reactions 24 and 25) in Table 1.3 to find a half-reaction for NO, and
NO;.

iNO, +3H" +e" =¢N, +3H,0
(4N, +3H,0=1NO; +¢H" +e")
N, +H,0=4NO, +2H" +3e"

sNO, +$H" +e"=¢N, +3$H,0

INO, +1H,0=1NO; +2H" +%e"
3(4NO; +1H,0=1NO; +2H" +e7)
+NO, +$H,0=4NO; +H" +e"

30CI" +H" +e” =3ClI" +3H,0

1NO, +10CI" =1NO; +1iCI-
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13.

14.

15.

16.

17.

€)] The half-reactions involved are
1807 + SH'+ e = L{H,S +iH,0
3Cl,+e =CI°

Reversing the reaction for sulfide and adding it to the chlorine reaction, the overall reaction is
iH,S +1H,0+ 1Cl, =1S0; + SH'+CI°
There is a net production of 1 H* for each 1/8 mole of S*" oxidized. Because H" is on the right hand

side, a high concentration of H* will favor the reaction to the left. Therefore a high pH (low [H™])
favors the reaction to the right.

The half-reaction for permanganate-manganese dioxide is
iMnO, + $4H" + e = 1MnO, + 2H,0

The overall reaction is

iH,S +iMnO, + LH" =1S0; +iMnO, +iH,0

In this case a low pH (high [H*]) would favor the reaction.

Although ions may have the same charge, different sizes of ions will be less mobile which affects
current carrying ability. Charge interaction effects occur in more highly concentrated solutions
which also affects equivalent conductance.

FromEq. (1.11) p=1.6x10"«
From Eq. (1.10) p =25 x 107 (TDS)
Equating the two:1.6 x 10° k = 2.5 x 10™° (TDS)

2.5%x107°
K=————
1.6x107°

where TDS is in mg/L
K iS in pmhos/cm

(TDS) =1.56 (TDS)

Eq. (1.26): k=Aexp (— II‘:Z’?I') Eq. (1.27): ko, = lee(Tz—Tl)

From Eq. (1.26),

k E E.(T,-T E

T = exp ——a(i—iJ = exp a( 2 1) =exp| ——(T, - T,)
le R\T, T, R\ T.T, RT,T,

Eﬂ

. 9: e_RTlTZ
p=0.21 atm, T = 25°C = 25° + 273.2° = 298.2°K
pV =nRT
R =0.082 L-atm/°-mole
n_P_ 021 atm =859 x 107 M
V RT (0.082 L- atm/°-mo|e)(298.2°)
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= (8.59 X107 mom)( 32 gj(1 000 mgj = 275 mg/L
L mole g

18.  Air contains 21% oxygen and 79% nitrogen by volume. pr = 1 atm.
pV =nRT
Po2 = 0.21(1 atm) = 0.21 atm
R =0.082 L-atm/°-mole

for Oy =P 0.21 atm =859 x 103 M
V  RT (0.082L -atm/°-mole)(298.2°)
= (8.59 x 107 —mO'e)(—BZ g) = 0.275 g/L
L mole
pn2 = 0.79(1 atm) = 0.79 atm
for Ny - =P 0.79 atm = 00323 M

V RT (0.082 L - atm/°-mole)(298.2°)

= (0.032 3—m°'e)(—28 g) = 0.904 g/L
L mole

The density of air at 0°C is
p=0.904 +0.275=1.18 g/L
(Other substances in atmospheric air slightly change this value.)
19.  From Henry's law:
Cs = Kupnz
From Table 1.4, at 0°C for N,, Ky, = 29.1 mg/L-atm
From Dalton's law:
pnz = 0.79pr = 0.79(1.0) = 0.79 atm
Cs = (29.1 mg/L-atm)(0.79 atm) = 23.0 mg/L
From Table 1.4, at 25°C for N, Ky = 18.0 mg/L/atm
Cs = (18.0 mg/L/atm)(0.79 atm) = 14.2 mg/L
20.  The depth is 100 m and atmospheric air contains oxygen at 0.21 atm.
Cs = Kupoz
The total pressure at a depth of 100 mis p = py + pgh
po = atmospheric pressure = 101.3 kN/m? = 101.3 x 10° kg/m-s?
The density of water, p= 997.0 kg/m? at 25°C
g =9.81 m/s?
The total pressure at a depth of 100 m is
p = 101.3 x 10% + (997.0 kg/m*)(9.81 m/s®)(100 m) = 101.3 x 10° + 978.1 x 10° kg/m-s°



CHAPTER 1 6

21.

22.

=10.66 atm

=1079.4 x 10° kg/m-s,2 = (1 079.4 x 10° kg 2) 1 atm

m-s*/| 101.3x10° K9

m-s?

The composition of gas will not change as it is compressed. From Dalton's law, the partial pressure
of oxygen is

Pop = ipT =0.21(1 079.4 x 10% kg/m-s?) = 226.7 x 10° kg/m-s?
n2
=2.24 atm
Using Henry's law: C = (39.3 mg/L-atm)(2.24 atm) = 88.0 mg/L

At 0°C, the Henry's law constants for CH4 and Cl, are given in Table 1.4 as 3 968 and 1 460 mg/L-
atm, respectively. The units on the Henry's law constants are
_[G(ag)]  mg/L K/ = [G(ag)] _ mole/L of solution
"G atm = " [G(0)] mole/L of air

mole/L
Ky  mg/L _ mole/mg ;L mole/mg
K, mole/L ~ mole/L -atm " " mole/L - atm
atm

At a temperature of 0°C and pressure of 1 atm, 1 mole of gas occupies 22.4 L. In the denominator,
the number is 1/22.4 = 0.044 6. For CH,, there is 1 mole/16 000 mg = 6.25 x 10° mole/mg; for ClI,
there is 1 mole/70 900 mg = 1.41 x 10~ mole/mg.

-5
For CHy: K/, =(1 460)M =2.05

0.0446

-5

ForCly K/ =(3 968)w =1.25

0.0446
(a) Co=26x10"M,k=0.063h" T=10°C,t=2h
€__c=ec= Coe ™
dt

C=(26x10*M)e @%@ =229 x10* M
6 = 1.06, at 30°C

ke, =kq 0" = kg = (0.063 h)(1.062)° 19 =0.21 h

C=(26x10*M)e®®P@=171x10*M
c dC

dC ) t
(b) E:_kc = COF?kjodt
C
B 1 1
Cle, c, C
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23.

24.

25.

=i+kt, C= S,
Co

1
C 1+Cykt

-4
C= 2.6 x10™" moles/L =246 x 104 M
1+(2.6 x 10~ moles/L)(106.8 L/moles/h)(2 h)

6 = 1.062, at 30°C

kao = (106.8 h™)(1.062)*° 9 = 3557 h™*

-4
_ 2.6 x10™" moles/L =210 %104 M
1+(2.6 x 10~ moles/L)(355.7 L/moles/h)(2 h)

AT=10°C=T,- Ty; (d—c) - 2(0'—0)
dt/,,  “\dt/,

ky,C" =2k, C"

kTZ — leg(Tz—Tl)
k k
(Tz—Tl)lné’:In[ TZ] Inaz;ln( Tz]
Kr, (T,-T)  (ky,
1
AT
o=|—=| =21 =107
Ko,

k=0.22d", a=00085d"

ac_ k Cd_C__th dt
dt  1+at’ JooC liat

In (C/Co):—g In (1+at)

In (C/Co)z—g In (1+ at)

Taking the antilog of each side: C£ =(1+at) ™"
0

Substituting values for the coefficients: C£ = (1+0.008 5t) "*#*™** = (1+0.008 5t) **
0

Data are given in the table below for times up to 10.0 days.

t,d 05 10 15 20 25 30 40 50 60 80 100
ClCy,% 896 803 720 646 580 521 421 340 276 182 121

Define S as solubility.
(a) Mgs(PO,),, S=6.1x10°M
3Mg* + 2P0 — Mgs(PO,);
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26.

217.

Ksp = (35)%(2S)* = 108S° = 108(6.1 x 107°)°> = 9.12 x 10°*°
(b) FeS,$S=6.3x10°M

Fe?" + S — FeS

Ky = (S)(S) = S?=(6.3x10°%?=3.97 x 10
(©) CuF,, S=74x10°M

Cu* + 2F — CuF,

Ksp = (S)(2S)° = 4S° = 4(7.4 x 10°)*=1.62 x 10°°
The initial concentrations of CaSO, and Na,COs are:

CaSOy: (40 m) L mole ( 19 j =294 10 M
L /| (401+32.1+ 4 x16.0)g | 10°mg

Na,CO: (100 mj 1 mole ( 19 j =9.42x 10 M
L /| (2x231+12.0+3x16.0)g \ 10°mg

CaS0O, — Ca*" + SO%*

X X X
The initial concentration of Ca** is 2.94 x 10* M
Na,CO; — 2Na* + COZ

X 2X X

The initial concentration of CO3™ is 9.42 x 107 M
At equilibrium,
[Ca*"][CO37] =5.00 x 10°° = xy which corresponds to the reaction
Ca’* + CO3™ — CaCO;

z z z
X=294x10" -z y=942x10"-z
(2.94 x 10 - 27)(9.42 x 10* - 2) =5.00 x 10°°
2" -124x10°2+2.76 x 1077

,_ 124~ 10° +/1.54x10° — 4(1)(2.76 x107) 124x10°+6.60x10"*
2 2

=950x10*M, 2.90x 10* M

It is impossible for z = 9.50 x 10 M because the initial concentration of Ca?* is lower than this
value. Therefore the answer is 2.90 x 10* M. The final concentrations of the species are:

[Ca?"]1=2.94x10*-290x10*=4.0%x10°M
[CO371=942x10"-290x10*=6.52x 10* M

The molar concentrations of Ca?* and F~ are:
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217.
28.

ca*"; (150 m) L mole ( 19 j =374x10° M
L /| 40.1g \10°mg

= (1 m) 1 mole ( 19 ] =5.26x10°M
L /| 19.09 \10®mg

The precipitation reaction is
Ca®* +2F — CaF,

X 2X X
[Ca®][F]*=3.00x 10"
X(2x)* = 4x*=3.00 x 10
If [Ca®]=3.74x10°M

-11 -11
[F]:\/S.OOxlo :\/3.00><10 896 x 10° M

[Ca®'] 3.74x10°°
The maximum amount of F~ is (8.96 x107° MJ(M) =1.70 mg/L
L mole
If[F]=1.0mg/L
-11 -11
[Caz*]=3'00X10 _3.00x10 — 00108 M

[F T (526 x10°)’
The maximum amount of Ca?* is

(c2 = (0010 M)(29100MT) _ 435 mgi
L mole

A ligand is a set of atoms, ions, or molecules bonded to a central atom or ion in a complex.
free [Hg*"] = 0.10 mg/L, free [CI"] = 0.5 mg/L
The MWs of Hg*" and CI™ are 200.6 and 35.45 g, respectively.

[ng*]=(0-10m)[lm°|eJ( 19 j=4.98x10_7M

L /{200.6 g/\ 1 000 mg

N £ T R

Hg® + CI” ~ HgCI* K,=8.8

HgCI™ + CI” ~ HgCl, K,=8.7

HgCl, + CI"~ HgCl; Ki;=1.0

HgCl; + CI" =~ HgCl% K,=0.78
[HgCl"]

S . HgClI'] = Ky [Hg*][CI”
T [HgCI'] [Hg"'1[CI']
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[HgCI"] = 8.8(4.98 x 107')(1.41 x 10°) = 6.18 x 107
[HgCl,] = K5[HgCI*][CI] = 8.7(6.18 x 10™)(1.41 x 10°) = 7.58 x 10
[HgCI; ] = Ks[HgClL][CI'] = 1.0(7.58 x 10%%)(1.41 x 107°) = 1.07 x 107*°
[HgCI3 1= K,[HgCl; J[CI'] = 0.78(1.07 x 10 °)(1.41 x 10°) = 1.18 x 10°*
YHQCI?" =498 x107 +6.18 x 10 + 7.58 x 10 + 1.07 x 10 + 1.18 x 10
=498 x10”’
29.  Stability constant for AgCI3
[AgCI3 ]
Py = et
[Ag™][CI"]
__ [AgCl] __[AgClL] _[AgCly]
" O[AgTIICITT 7 [AgCh[CI] Tt [AgCL]ICH ]

Ky = 3.45, K; = 2.22, K3 = 0.33
Bs = KiK;K3 = (3.45)(2.22)(0.33) = 2.53

30. 1Bq=27x10°Ci
For Ra-226, activity = 1 Ci/g.
For potassium-40, activity = 6.9 x 10™° Ci/g
For cobalt-60, activity = 1.1 x 10° Ci/g
For cesium-137, activity = 87 Ci/g
For radon-222, activity = 1.6 x 10° Ci/g
Define M as the mass

A as the activity = 0.1 Bq
a as the specific activity

R
For radium-226: M=2 (0.1 Bq)(MJ[l—g) =27x10°9g=27x10"mg
a 1 Bq Ci
-9 -
For potassium-40: M = Al (01 Bq)(27 <10 C')( L 976 j =3.91x10"g=0.391 mg
a 1Bq 6.9x107Ci

-9 -
For cobalt-60: M =" = (0.1 Bq)(27 <10 C'j( 19 - ) =245x 10" g=2.45x10"mg
a 1Bq 11x10°Ci

9 -
For cesium-137: M=2 (0.1 Bq)( 27> 10 C'j( L9
a

j =310x10"g=3.10x10°%mg
1 Bq 87 Ci

For radon-222: M =" = (0.1 Bq)(
a

27 x 1ogcij( 1g

5 T 1050) =1.69x 10" g=1.69x 10 mg
q .6 x i
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32. Radioactive decay of an unstable isotope generally does not terminate radiation because the
daughter isotope(s) are usually unstable.

33.  1g of uranium | decays for 1 000 yr, find radium formation

—kyt

m dm
I kUI Ul J‘ =

. dm t
Uranium | decay: d—tU:_ N =—ku,j0dt = my =my.e

-(5%)
dt

zflkwmm - kThmTh zflkmeioe

234

dm dm
Th production and decay: T _ f( T“j
) p y at at

production decay

—kyt
- kTh M,

dm.,
dt

dm d
ekTht(TTh + kThmTh) :a(mThekTht)

—kut

+kymy, =fky,m.e

_ f.k,m _
Id(mThekTht)zmThekTht :flkUImUIOJ.e(kTh ku')tdt=—l ul__uio e(k” kut +C

kTh - kU|
m.. = flkUImUIO e kut 4 Cakmt
Th —
kTh - kUI
The initial concentration of 3 Th = 0.
OzflkUImUIO e u® L cpkn® Cz_flkUImUIO
kTh - kUI kTh - kU|

— flkulmUIO

m., » ” (e—ku,t _efkTht)
Th — Rul

The developments for the other products follow the above procedure.

dm ffk, k,m
For 2/ Pa™: —% =f,k,m,, —k,,m,, =-2-2-T U0 2k u TI: uio (e’ku" —e’kT"t)— Kp,Mp,
Th — Rul
dm ff k,m
dtPa + kPamPa - 1k2 ul > ulo (efku,t _ efkTht)
Th = Rul

J'd(m ekpat) =m ekpat _ flekUI kThrnUIO [J.e(kpa*kw)tdt _J.e(kpa*kTh)tdt]
Pa - Pa -
kTh - kU|

_ fifo Ky KMy ( 1 _ 1 ] +C
(kTh - kw) kPa o kUi kPa a kThi

m. — fifo Ky KMy ( 1 _ 1
Pa
(kTh - kw) kPa - kUi kPa a kThi

Att=0mp=0

jekpat + Ce =t
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0=f1f2kUIkTthI0( 1 _ 1 J+C
(kTh _kUI) k kP _kThi

_flekUIkTthIO [ 1 _ 1 j
(kTh _kUI) kPa _kUi kPa_kThi

Pa kUi

C=

m. = flekUIkTthIO ( 1 _ 1 j e—kpat _1)
Pa —
(kTh - kUI) kPa - kUi kPa - kThi

uranium I: k, = 0.693 0'6939 =154 x 10 yr?
t,, 451x10°yr
BTh: Ky, = D098 ) 6510247 = (288 102d1)(365 dj =105 yr*
ty, 24.1d yr
Pam: Ky, = 0693 _ 0693 _ 0.592mo™* = (0.592 mol)(12 mo) =711yrt
t 117 mo yr

12
f, =234/238 = 0.983
f, =234/234 = 1.00

m. = flekUIkTthIO ( 1 . 1 j(ekpat _1)
Pa —
(kTh _kUI) kPa _kUi kPa _kThi

(0.983)(1.00)(1.54 x 10 yr *)(10.5yr *)(10 g) ( 1
Mea = (105yr* -154x10"yr™) 711yrt —154x10 yr?

B 1 j[e(ul yr)(zoooyr) 1}
7.11yr ' —10.5yr™

=234x10"g
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