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Chapter 1

The molecular weights of N, H2S, and NaHCOs are 14, 34.1, and 84, respectively.
1mg/L=1ppm;1ug/L=10"°9g/10°g=1ppb=10"2ppm

(@ 4.2mgN/L =4.2 ppm =4 200 ppb
42 N, M 300%104M=3.00x10%m
L 14 000 mg
(b) 12 ug H.S/L =12 ppb =12 x 103 ppm
1249 M _35,107M=352x10"m
L~ 341 x10° 4g
€ 1.36x10°M=136x10°m
1.36x10° 10, 84000Mg _ 1) ol = 114 ppm = 114 x 10° ppb
L mol
Substance MW Concentration molinlL mol fraction
Hz0 18.0 1000 g/L 55.56 1.00
NaCl 58.5 75 mg/L 1.28 % 10°2 2.30 x 10°8
CesH120¢ 180.0 120 mg/L 6.67 x 10~ 1.20 x 10
0 32.0 8 mg/L 250x10%  450x 10"
Ca(HCOy).  162.0 150 mg/L 9.26 x 10 1.67x 10°°
MgSO. 120.4 45 mg/L 3.74 x 107 6.73 x 106
KNO; 101.1 15 mg/L 1.48 x 10 2.66 x 106
Total 55.56 1.00

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

Substance [],mg/L MW N Factor [Tas 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 N 8.05

Im 1.2929 g air
[(:0]:(2.0ppm)(106 rg /ppmJ( g
9

=2.59 x 10°® ug/m®

10° 19
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@) NH;, has a net charge of +1. Each H has an oxidation number of +1. .. N has an oxidation
number of 3.

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) HC—C=0
O-H
The oxidation number on each H is +1 for a total contribution of +4.
The oxidation number on each O is -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).

The compound is neutral.
The oxidation number on each H is +1.
The oxidation number on each O is —2.
The average oxidation number on each C is
12(1) +6(-2) _

6

0X. Nno. = —

NaClO4: Na-+1; O--2; Ox.NumberonCl=x=-[1+ (4)(-2)] =+7
NaClOs: Na-+1; O--2; x=—[1+(3)(-2)]=+5
ClO2: O0--2; x=—2)(-2)=+4
NaOCIl: Na-+1; O0--2; x=—(1-2)=+1
HOCI: H-+1; O--2; x=—(1-2)=+1
HCI: H-+1;, x=—(1)=-1

NH.ClI: Because Cl is more electronegative than N, it must have an oxidation number of —1
which is the case for all chloramines.

H-+1;

forN: x=-[-1+2(1)]=+1

NHCIl;: Cl--1; H-+1; forN,x=-[2(-1) +1)=+1
NCls: Cl--1; forN,x=-3(-1)=+3

@) First balance C, then H, and finally O.
6H.0 + 6CO; 5 CeH1206 + 602

(b) First balance Al, then SO?, then Ca, followed by, C, H, and O.
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CHAPTER 1 3

A|2(SO4)3 + 3C&(HC03)2 S 2A|(OH)3 + 3C0O; + 3CaS0,

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; + 0; 5 NO;

ii. NHs3 + O2 5 NOj + H.0

. NH; + 0, 5 NO; + H,0 + H*

iv. NH3 + O2 5 NOj + H20 + OH~

V. NH3 + O2 5 NO; + H>

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.

NHsz + 202 5 NO; + H20 + H*
(b) Oxidation reaction for ammonium.

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

NH;, + 20,5 NO; + H0 + 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.

O, + 46~ — 20* (although O? does not exist on its own but this is the normal oxidation state of
oxygen in compounds. Consider H,O, for example.)

The equivalent weight is 32/4 = 8 g. Also reaction 25 in Table 1.3 can be checked to show that the
equivalent weight of O, is 8 g.

Use reactions 22 and 24 from Table 1.3. Reverse reaction 22.
-Rxn22: 1NH; +2H,0=iNO; + SH" + e

Slonze  (3fnos +oH e =gn, + g

ENH; = 5N, + §H +e
Normalizing the half-reaction to the transfer of 1 e-: INH; =iN, + 4H +e

The gram molecular weight of ammonium is
MW =14.0+4(1.0)=18.0g
Its equivalent weight in this reaction is (18 g)/3 = 6.0 g.

Use reactions 23 and 24 in Table 1.3 to find a half-reaction for NO, and NO;.

Rxn 23: INO, +4H" +e =§N, +5H,0
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_(onRxnm: 2(HN, +H,0=1NO; +EH" +e7) =

sN, +H,0={NO; +2H" +3e”

FRNN23 INO; +4H" +e” —IN, +2H,0

iNO, +31H,0=4NO; +4H" +3e”
3(4NO, +3H,0=4NO; +4H" +%e")
sNO, +3H,0=3NO; +H" +e”

Rxn 8: 30CI" +H" +e” =3ClI" +3H,0

+NO;, +30CI" =1 NO; +3CI~

@ The half-reactions involved are

1305 + $H + e = iH,S +iH,0

3Cl,+e =CI”

Reversing the reaction for sulfide and adding it to the chlorine reaction, the overall reaction is
iH,S +iH,0+ iCl, =105 + 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 going to the right.

(b) The half-reaction for permanganate-manganese dioxide is
iMnO, + §H" + e = $MnO,+ %2H,0

The overall reaction is

iH,S +iMnO, + L£H" =1S07 +iMnO, +iH,0

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

@ For a retardent reaction (destruction),
dc___k
dt 1+ at

5¢, dC , dt
e o

In C|(;'5C0 __k In(1+at)

173
0 a 0

k
In 0.5= —;In(1+ oty )

%In 2=In(1+at,, )
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27 =1+ at,

t, == (27 -1)

(04
Also
1 2 1 0.693¢
=—|ek -ll=—]e K -
(b) Elementary autocatalytic reaction.

For the reaction: A+P —>P +P
Cr=Ca0*+Cpy,Cr=Ca+Cp

dC:[A =—KC, —K,CA(C; —C,) =—kC, —K,C,C; + kzc/i

05Cng dCA ty,
JcAo (k, +k,C;)C, —k,CA Io bz

0.5Cpg
_( 1 ]m(ky+@cT—hcAJ .,
k, +k,C, Ca e
1 In(&+&CT—05&CM]_m[&+@CT—@CM]}ZH
2
k +k,Cr )| 0.5C,, Co
1 In 2K, +2K,Cr —K,Cpy | In k, +K,Cpy _t,
k1 + kZCT L CAo CAo ’
1\ 2Kt 2Cr —KCho | ’
kl + kZCT kl + kZCPO ?
t, = 1 In 2k, +k,C; +k,C; —k,Cp, _ 1 In 2k, +k,C; +k,Cpy
2k +k,C, K, +k,Cop k, +k,C; K, +k,Cpy

15. FromEq. (1.9) pn=16x10"°«
FromEq. (1.8) n=25x107°(TDS)
Equating the two:1.6 x 10°« = 2.5 x 107° (TDS)

2.5x107°
K=—_5
1.6 %10

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

(TDS)=1.56 (TDS)

E
16. Eq. (1.27): k=Aexp (— Rfl‘_ j Eq. (1.28): k;, = leg(TrTl)
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From Eq. (1.27),

k _

le R T2 Tl R T1T2 RT1T2
Ea

0= e_RTsz

p=0.21atm, T = 25°C = 25° + 273.2° = 298.2°K

pV =nRT

R =0.082 L-atm/°-mol

n_p 0.21 atm

== =859 x 10° M
V. RT (0.082L-atm/°-mol)(298.2°)

= (8.59><10‘3 molj(SZ 9)(1000 mg] = 275 mg/L
L mol g

Aiir contains 21% oxygen and 79% nitrogen by volume. pr = 1 atm.
pV =nRT

Poz = 0.21(1 atm) = 0.21 atm

R =0.082 L-atm/°-mol

forOp; M= P _ 0.21 atm =859 x 10 M

V. RT (0.082L-atm/°-mol)(298.2°)

= [8.59><103 mTO')(?’Z—gj =0.275 g/L

mol

pn2 = 0.79(1 atm) = 0.79 atm

forNy D= P _ 0.79 atm =00323M

V. RT (0.082L-atm/°>-mol)(298.2°)

- (0.0323™! E%—gj = 0.904 g/L
L mol

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.)

@ T=25°, pr=1atm

From Henry's law:

[G(ag)] = Cs = Ku[G(Q) = Kupn2 (Cs is saturation concentration)

At 25°C = 298°K for N, from Table 1.4: Ky =18.2 mg/L-atm
From Dalton's law:
pn2 = 0.79pr = 0.79(1.0) = 0.79 atm
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[N] = (18.2 rg N, ](0.79atm) = 14.4 mg N/L
m

(b) T=5°, pr=1atm
T =5°C = 278°K. From Table 1.4, AH°/R = 1600

AH° (1 1 mg/L 1 1
K1, = K 1, €X — = ||=]18.2 === |exp| (1600)| —— - —
Tz AT p{ R (Tz Tlﬂ ( atmj p{( )(278 298]}

= 26.8 mg/L-atm

[N] = (ze.swj(o.m atm) = 21.2 mg N/L
L-atm

Determine the Henry’s law constant for this situation in the following units. (a) mg/L water/O>
pressure (atm); (b) (mg/L water)/mg/L (air); (c) mol fraction in water/mol fraction (in air; (d) mg/L
water/O; pressure (bar); () mol/L water/O, pressure (Pa).

For (a): The partial pressure of O, = (0.21)(1 atm) = 0.21 atm
107819
Ky= — L =513mg/L-atm
0.21atm
For (b): The concentration of oxygen in the air is determined from the universal gas law. pV = nRT.

T =273 + 12 =285°K, R = 0.082 054 L-atm/deg-mol

n
Vie FF:OT - O'Elattm = 0.008 98 mol/L
[0.082054'“”J(285° K)
°K - mol
[0:(g)] = | 0.00898 MO! | 3290, /1000mg ) _ 07 o
L mol g
1078™M9
Ky = —m'- = 0.0376 mg/L/(mg/L)
287T9

2(999.7 -999.1)

For (c): At 12°C, pw = 999.7 - =999.5 g/L
99953
In water, the number of moles of water is L - 55.53 mol/L
18-9
mol

The number of moles of oxygen (and other dissolved entities) in 1 L of typical freshwater is
insignificant compared to the number of moles of water; thus n = 55.53 mol.

The mole fraction of oxygen dissolved in 1 L of water is
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107gMd| imol
L A 32000mg
55.53mol/L

From Section 1.9, the mole fraction of a gas in a mixture of gases is

) =6.067 x 10°°

n, . .
p, =— p; (pris total atmospheric pressure)
n

The partial pressure of nitrogen = (0.79)(1 atm) = 0.79 atm
Ny, Pn, 0.79atm

v.oR (0.082054""3““)(285‘) K)
°K -mol

=0.0338 mol/L

The total number of moles in 1 L of the gas phase is 0.008 98 + 0.033 8 =0.042 8
The mol fraction of O; in the gas phase is
pr(0.008 98)/(0.0428) = 0.210p~

-6
Ky = 6.067x107 _ 2.889 x 10™%/pr (where pris in atm)

0.210p,

(Note: when Ky is expressed on a mol fraction/mol fraction basis, pr is usually not expressed and
assumed to be 1 atm.)

For (d): poz = (O.21atm)(wj =0.213 bar
latm

107819
= 50.6 mg/L-bar

K

~ 0.213bar

101.3kPa

For (e): = (0.21atm
(€): poz = )( latm

j =21.3 kPa

[0:(aq)] = (10.78mj _tmol ) _ 5369 x 10 moliL
L A 32000mg

3.369x10" ”:_0' (

21.3kPa

1kPa
1000Pa

j =1.582 x 10~8 mol/L-Pa

The depth is 100 m and atmospheric air contains oxygen at 0.21 atm. Ignore the depletion of oxygen
in the air.

[G(ag)] = Cs = Ku[G(g)] = Kupoz2 (Cs is saturation concentration)
From Table 1.4, Ky =38.9 mg/L-atm

The total pressure at a depth of 100 mis p = po + 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
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g =9.81 m/s?
The total pressure at a depth of 100 m is
pr=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?

=1079.4 x 10° kg/m-s? = (1079.4><103 kg 2] Latm — |=1066am
M-$") 101.3x10° ~9
m-s
The composition of gas will not change as it is compressed. From Dalton's law, the partial pressure
of oxygen is

Do, =L p; =0.21(1079.4 x 10° kg/m-s?) = 226.7 x 10° kg/m-5*
n

2

=2.24 atm

_ mg O,
0,] =|389—= ||2.24atmO
[ 2] ( L -at ]( 2)

=87.1 mg O2/L

This is the highest saturation concentration possible due to the assumption that no oxygen was
transferred from an air bubble. Solving the actual situation is fairly complex since pressure varies
with column depth, nitrogen is transferred into and out of the liquid (which affects the concentration
of oxygen in a bubble) and, of course, oxygen is consumed by microorganisms.

(@ Co=26x10%*M,k=0.063h*, T=10°C,t=2h

d—CZ—kC =C= CoeJ(I
dt

C=(2.6 x 107 M)e %32 = 2 29 x 104 M
0 = 1.06, at 30°C
kr, =k 0" = ks =(0.063 h™)(1.062)*~19 = 0.21 h~!

C=(2.6x 104 M)e 2 =171 x 104 M

ac cdC
(b) ~S=-kC* = COF_—kfodt
C
L O S e
Cle, Co
l=i+kt, C= S
C C, 1+C kt

2.6x10™* mol/L

Cc= =246 x 10 M
1+(2.6x10* mol/L )(106.8 L/mol/h)(2h)

6=1.062, at 30°C
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kso = (106.8 h~1)(1.062)@ 10 = 3557 h-*

-4
3 2.6x10™ mol/L ~ 219104 M

"~ 1+(2.6x10* mol/L)(355.7 L/mol/h)(2h)

23.

AT=10°C=T,- Ty (d—CJ = 2(d—CJ
dt ), ldt ),
k, C" =2k, C"

k. =k Q(TrTl)

T, — T,

k k
(T,-T,)In@=In| = Ihg=—TIn|
le (Tz _Tl) le

Vo 1
=] = —210 =1,072

T

24,

k=0.22d™?, «=0.0085d™

d_C__ k Cd—C——kr dt
dt l+at’ ‘o C 01+t

t
0

In (C/co)z_g In (1+at)

In (C/co):_g In (L+at)

—k/a

Taking the antilog of each side: CE =(1+at)

0

Substituting values for the coefficients: CE — (1+0.0085t) ****** — (1+-0.0085t ) **

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
ClCo,% 896 803 720 646 580 521 421 340 276 182 121
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Retardent Decay
100
80
60

40

C/Cy %

20

time, d

11

0.70
25 d—CZ—kC—OS C' mg/L,t'h
dt  (K+C)

@ To be dimensionally consistent, the units on K are mg/L; for k:

0.7
mg
m k(Lj mg 02
— 05 k(—j = k has units of (mg/L)*%h*
L
(b) K<<C

dC _ kC0.70 N kC0.70 _ kCoAQ

E (K N C)o.s cos

The order of the reaction is 0.2.

26. Define S as solubility.
() Mgs(POs4)2, S=6.1 x 10> M
3Mg?* + 2P0} — Mgs(POu):
Ksp = (35)%(25)? = 108S° = 108(6.1 x 10°)°=9.12 x 10°%
(b) FeS,5=6.3x10°M
Fe*" + S — FeS
Ksp = (S)(S) =S2= (6.3 x 10°2=3.97 x 107/
() CUF2, S=7.4%x 103 M
Cu?* + 2F- — CuF;
Kep = (S)(2S)> =433 =4(7.4x 1033 =162 x 10°®

27. The initial concentrations of CaSO4 and Na,CO3 are:
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CaSO: (40 mj 1 mol 19 1 -204x104Mm
L )| (40.1+32.1+4x16.0)g || 10°’mg
Na,CO: (100 m} L mol L9 | -g42x10%Mm
L )| (2x23.1+12.0+3x16.0)g |{ 10°mg

CaS0O4 — Ca* + SO3*

X X X
The initial concentration of Ca* is 2.94 x 10~ M
Na;COs; — 2Na* + CO3~

y 2y y

The initial concentration of CO3™ is9.42 x 104 M
At equilibrium,
[Ca**][CO3™]=3.36 x 10~° = xy which corresponds to the reaction
Ca* + CO%™ — CaCO;

z z z
X=294x%x 10" -1z y=942x10%-z
(2.94 x 10 — 7)(9.42 x 104 — 7) = 3.36 x 10
72-1.24x103242.74 x 1077

,_ L24x10° +/1.54x10° —4(1)(2.74x107) 1.24x10°+6.60x10"
2 - 2

=9.50x10*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%*] =2.94 x 10— 2.90 x 10 = 4.0 x 10° M
[CO%]1=9.42x10%-2.90 x 10 =6.52 x 10 M

The molar concentrations of Ca?* and F are:

Ca?"; (150 @j Lmol i 18 1 _374,10%Mm
L )| 40.1g [\ 10°mg

F (1 mj Imol \f 19 ) _556.10%M
L /|19.0g [\ 10°mg

The precipitation reaction is
Ca*+2F — CaR;

X 22X X
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[Ca?*][F]? = 3.45 x 101t
X(2x)? = 4x3=3.45 x 1071
If [Ca?*] =3.74x 103 M

45x10™  [3.45x10™
[F1= [ 220 =\/3 A0 _ g 60x 10 M
[ca® | 3.74x10

. MJ(lQ 000 mg

The maximum amount of F~ is (9.60><10 n I J =1.83 mg/L
mo

If [F] =1.0 mg/L
-11 —11
[car ] 345107 _ 34510
[FI*  (5.26x10°)

The maximum amount of Ca?* is

[Ca?] = (0.0125 molj(40100mgj = 503 mg/L
L mol

=0.0125M

13

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*]=(o.1omj[ 1 mol )( Y j =4.98x107 M

L /{ 200.6 g /{ 1000 mg

[CI'] =(o.5omj 1 mol 19 \-141x10°M
L J{ 35.45¢g )| 1000 mg

Hg?* + CI~ < HgCl* K:=7.33
HgCI* + CI- s HgCl» K2=6.70
HgCl, + CI- s HgCl, Kz=1.0
HgCl, +Cl- s HgCI% Ks=0.60
[HgCI']
' [Hg I ]
[HgCI*] = 7.33(4.98 x 107)(1.41 x 1075) = 5.15 x 101
[HgCly] = Ko[HgCI*][CI-] = 6.70(5.15 x 1071)(1.41 x 10°5) = 4.87 x 1015
[HgCl; ] = Ks[HgCl][CI] = 1.0(4.87 x 10-15)(1.41 x 10%) = 6.86 x 10-2°

[HgCI*] = Ka[Hg**][CI']

[HgCI2~] = Ky[HgCl; ][CI] = 0.60(6.86 x 10-2°)(1.41 x 10°5) = 5.80 x 102
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YHYCI?' =498 x 107 +5.15x 101 + 4,87 x 105 + 6.86 x 102 + 5.80 x 102

=4.98 x 107/
Stability constant for AgCI3
5 ACIE]
> [Ag'][CIF
__[Agon o _ [AQCL] _ [AgCI]
- n 9 2 9 T A o ~I—1r -1
't [AgIICI] [AgCIJ[CIT]" * [AgCL[CI]
K1 =3.30, K; =1.30, K3 = 0.36
B = KiKoKs = (3.30)(1.30)(0.36) = 1.54
1Bgq=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 102 Ci/g
For cesium-137, activity = 87 Cilg
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
9 -
For radium-226: M=2 =(0.1Bq) 2rd07cl (1—gj =27x10°g=2.7x10°%mg
a 1 Bq Ci
9~
For potassium-40: M _A =(0.1Bq) 27=10 Ci ( ! giﬁ j =3.91x10%g=0.391 mg
a 1 Bq 6.9x107°Ci
9
For cobalt-60: M = = (0.1 Bq)[ 2720 ¢ ( 1o j =245 x 102 g = 2.45 x 102 mg
a 1Bq 11x10°Ci
9
For cesium-137: M = 2 = (0.1 Bq)| 2222 S |( 19 | _ 5310101 g=3.10 x 10° mg
a 1Bq 87 Ci
9
For radon-222: M == (0.1 Bq)| 27220 19 | -169x10%g=169x10"mg
a 1Bq 1.6x10°Ci

Radioactive decay of an unstable isotope generally does not terminate radiation because the daughter
isotope(s) are usually unstable.





