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Reatividade de espécies no Meio Ambiente

Particao = Processos de Equilibrio;

Reatividade = introduz variavel TEMPQO! = Como
concentracoes mudam com o tempo!
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Reatividade de espécies no Meio Ambiente

Transformacao quimica pode levar a produtos:

* Menos perigosos/toxicos;

* Mais/igualmente perigosos/toxicos
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Tipos de Transformacao Quimica

Abioticas
(ndo mediadas por organismos)

/\

Quimicas Fotoquimicas

* Sem transferéncia de elétrons (substituicdo/eliminagdo)

*  Com transferéncia de elétrons (redox)
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Mediadas Biologicamente
(mediadas por organismos)
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Termodinamica de Transformacdes Quimicas

Potencial guimico de um composto i: Onde o potencial quimico padréo é:

¥l u’ =AG"(ag)
(y? =D’

i, = +RTIn

Para uma reagdo quimica reversivel.:

E aA+bB+ . = pP+ g+ ..

=

£

E

. PI* Q). Onde : (P} {Q}7...
= ﬂ,,1G :,-"_'I.,TGE'+RT]1'I{ Qr = a

g {A1YB} ... (AY{B}...

Logo:  A,G=A,G"+RTInQ,

{(PYQ}... A,G°
(AYB})... RT

No equilibrio: A G =0 InK_=In



Termodinamica de Transformacdes Quimicas

Reac¢ao Exergonica = A.G < 0 (ocorre espontaneamente);

Reag¢ao Endergobnica = A G > 0 (hdo ocorre
espontaneamente)

. o - PYy..
AG =MG 'JI-RTIUQ]- " {A)(BY...
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Termodinamica de Transformacdes Quimicas

Illustrative Example 12.1  Energetics of Syntrophic Cooperation in Methanogenic Degradation

Introduction

The small amount of energy available in methanogenic processes (see Chapter 14)
forces the microorganisms mvolved mnto a very efficient cooperation. In many cases,
neither partner can operate without the other; that is, together they may exhibit a
metabolic activity that neither one could accomplish on its own. Such cooperations
are called syntrophic relationships (for details see Schink, 1997). A classical exam-

(g\]

© ple is the Merhanobacillus meliansky culture, which 1s a co-culture of two partner
c

9

= organisms, strain S and strain M.o.H. The two strains cooperate in the conversion of

< ethanol to acetate and methane by interspecies hydrogen transfer, as follows:

©

kS,

S

g, Strain S: CH,CH,OH + H,O0 - CH,COO™ + H + 2H, (1)
| ethanol acetate

S

& Strain M.o.H.: 4H,+ CO, = CH, + 2H,0 (2)
g methane

The critical point in this syntrophic cooperation is that the reaction that Strain S is
catalyzing (Eq. 1) 1s only exergonic (negative A,G) if the H, partial pressure (or the
corresponding H, concentration) in the aqueous phase is low enough. Hence, strain
M.o0.H. has to remove hydrogen efficiently from the solution.

Problem .

Calculate the maximum py, at which strain S can just gain some energy from
catalyzing reaction Eq. | at pH 7 and 25°C, by assuming that both ethanol and
acetate are present at a concentration of 10-° M.

8 .
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Termodinamica de Transformacdes Quimicas

Answer
In the literature (e.g., Thauer et al. 1977; Hanselmann, 1991) you find the AG"(aq) A Go (ag)
values at 25°C for all the species involved in reaction Eq. 1. Note that by convention, foHicHon
the free energies of formation of the elements in their naturally occurring most sta- A chuﬁc:u (2q)
ble form, as well as of the proton in aqueous solution, are set to zero. From these AGy ()
values, calculate the standard free energy of reaction Eq. 1: A, G-: ()

AG’ = ~(~181.8) — (~237.2) + (~369.4) + (0) + (0) = +49.6 kJ .mol" A,Gy-(ag)

CH,CH,OH + H,0 — CH,COO~ + H" + 2H,

ethanol acetate

Hence, under standard conditions { {CH,CH,0OH} = {CH,CO0O"} = {H"} = {H,0} =
1, pp; = | bar), this reaction is endergonic. In order to get a negative free energy of
reaction, A.G, the term RTInQ has to be smaller than -AG" (Eq. 12-8, note that
tH,0} = 1):

RTInO<-496k] molorQ<2x107
Therefore:
{CH;COO HH"} pyy, _ (10°)(107) py,
[CH3CH:OH} (107

= 1{] -7 J[?fh

is less than 2x107 if py, < 0.14 bar,

Of course, 1n order to sustain growth, a significantly more negative A G 1s required,
which is achieved by a hydrogen partial pressure of < 107 bar (Schink, 1997).

~181.8kJ - mol-!
-369.4 kI -mol-
=237.2k] - mol-!
OkJ - mol-!
Okl mol-!
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Termodinamica de Transformacdes Quimicas

Ilustrative Example 12.2  Transformation of Methyl Bromide to Methyl Chloride and Vice Versa

Problem

Consider the reversible transformation of the soil fumigant methyl bromide
(CH,Br) to methyl chloride (CH,Cl) in agueous solution (a nucleophilic substitu-
tion reaction, see Chapter 13):

CH,Br +ClI'=== CH,Cl+Br"~

In which direction does this reaction occur at 25°C in a contaminated groundwa-
ter containing 50 mM CI7, | mM Br~, and (a) 10 times more CH,Cl than CH,Br.?
(b) How does your answer change if there is 1000 times more CH,C] than CH,Br?
What 1s the relative abundance of CH;Br and CH,Cl at equilibrium assuming
constant C1~ and Br concentrations? Also assume that the activity coefficients of
all species (including the charged species) are ~ 1, that 1s, {i} = [i].

QFL 1604 — Quimica Ambiental 2

AGS (aq) = -131.3kJ-mol-
AGE (ag)= -104.0kJ mol™
AGE  (g)= -28.2kJ-mol"

AGEL (g)=  =58.0kJ -mol!

1 CH O

10 _ _
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Termodinamica de Transformacdes Quimicas

Answer

In the literature you find A;G; (aq)values for chloride and bromide. However, for
CH,Br and CH,CI, only values for the free energy of formation in the gas phase,
ﬂ.fff? (2}, are given. This is, of course, not a serious problem, because the difference
between A,G'(aq) and A;G!(g) is the free energy of transfer between the gas phase
and water, which is directly related to the Henry’s law constant (Section 6.4). Note
that we have to take into account that we use molar concentrations (and not mole
fractions) in the aqueous phases. Hence, as discussed in Section 3.4 (Eqgs. 3-41 to 3-
46), the free energy of transfer from the gas phase to the aqueous phase is given by —
(A, G +RTIn V, /(L mol™)], and, therefore:
A;G!(aq)=A,G! (g)-[A,, G, + RT In ¥V, /(L mol 'l}] M
or
A(G/'(aq) = A;G] (g)+ RT In K (2)

where K ;; 1s the Henry’s law constant expressed in bar.L.mol™,

In Appendix C you find the water solubilities, C;3' of the two gases at 25°C and 1 bar
partial pressure, which allows you to estimate Ky

|
K, =

(H = st
{:‘e'w
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Termodinamica de Transformacdes Quimicas

The approximated K, values are 6.0 bar.L.mol ™" for CH;Br, and 9.6 bar L.mol™
for CH,Cl. Insertion of these values into Eq. (2) together with the ﬁfG (g) values

found for the two compounds in the literature (see above) yields:
A Gy p(aq) = ~23.7 kI -mol ™", and A;Gly ;(aq) = ~52.4 kI -mol

Using these values, the standard free energy of reaction in aqueous solution can now
be calculated:

A.G" =~(-23.7) = (~131.3) +(~52.4) + (~104.0) = —1.4 kJ - mol

In order to get the free energy of reaction under the given conditions (a) and (b)
calculate the respective O, values (Eq. 12-8; set {i} = [i]):

(10){Br-]  (10)(10=3)
-] M(G5x10-2)

(a) Q=

QFL 1604 — Quimica Ambiental 2

109[Br'|  10%)107)
mler]  MGx107)

(b) Q=

Insertion of A,G" and (0, into Eq. 12-8 then yields:

(a) AG=-14+2.48In0.2=-54 kl-mol~!
(b} AG=-14+248In20=+6.0kJ mol-!

12
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Termodinamica de Transformacdes Quimicas

Hence, at the solution composition prevailing in case (a) the reaction occurs sponta-
neously from left to right; that 1s, CH;Br 1s converted to CH,Cl. However, in case
(b), the reaction proceeds n the opposite direction; that 1s, CH,C] is converted to
CH;Br! This result indicates that at equilibrium, the [CH;CI] to [CH;Br] ratio has to
lie between 10 and 10040.

To answer the question about the [CH,Cl] to [CH,Br] ratio at equilibrium, calculate
the equilibrium reaction constant, K, (Eq. 12-9):

0 _ _ -1
Ik, =2 o Clakmol) 56 k —176
RT (2.48 kI -mol )

Since

_ [CH5CI][Br]
[CH3Br][Cl7]

the ratio [CH,CI1] to [CH.Br] at equilibrium for fixed [CI] and [Br] is given by:

r

(CH,Cl] _ . [Cl-] _ (1.76)(5 x102) _

[CH,Br] " [Br] (10-2) 58

Reinaldo C. Bazito
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Cinética de Transformacoes Quimicas

e Lei de velocidade (empirica):

dt

k pode ser uma composicdo de diversas constantes de velocidade de
reacOes elementares!

Reinaldo C. Bazito
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Figure 12.2 Decrease in benzyl
chloride concentration (a) plotted
directly and (b) plotted loganthm-
cally as a function of time in aque-
pus solution at three different pHs.
The right graph reflects the fact
that Eq. 12-12 can be transformed
into the form In{[A],/[A),) = —kt.

diA]

a - MAl

[A],= [Aly-e™

In2 0.693
hin = i = L

[Al, (uM)

” |
_ 2] k= |r;1 i |
o
| L 2| e |
[ = |
=3
c
- |
‘ (b)
| _, .
20 40 80 0 20 40 60
time t (h) time t (h)
2~ Oz =G
. . |
Mas se H,0 estivesse envolvida ~
na Etapa /E’nta,' penzyl chioride
d[A f| o
dAl__k [A][B] '
dt

| £ CH;-CH
| - + H* + Gl

benzyl alcohol

[H,0]=55,6 mol/L=constante!

Y, . . Figure 12.1 Reaction of benzyl
k: k . [HZO] (pSE’UdO-pI’ImEIra Ordem chioride with water (a nucleophilic

substitiation reaction, see Chapter 13).

Environmental Organic Chemistry, Schwarzenbach, Gschwend, Imboden, 22 ed., Wiley, Hoboken, NJ, EUA, 2003 i B
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y = variavel dependente de t;
J =termo de entrada (ou “inomogéneo”)
k = constante de pseudo primeira ordem.

Case a. /=0, & = constant

dy

2oy

dt

y(1) has dropped to 5% of its initial value.

'EI.I'I =

k

y(t)=y.e

0.693

k

ki

I:5'5!-

=
—

3
k




Cinética de Transformacoes Quimicas

Case b. J, k= constant wiey=ye ™y (1-e )=y +(y, —y.)e
with the steady-state: = i
Tk
I, = 3 (tempo para atingir estado estaciondrio)
k

QFL 1604 — Quimica Ambiental 2
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Cinética de Transformacoes Quimicas

Case c. Vanable input J(1), £ = constant

[

y(1)=ye ™ + _[ e XU J()dr'

y

Decaimento
exponencial

0

Soma “ponderada”das entradas
det’=0at

para
(r—1)>3/k

“peso” de J caiu a menos de 5%




Cinética de Transformacoes Quimicas

1.0 —

(a) T ) ()
| | A1)

Vo= ¥ =0.3 |
y{t)os o =0 o =1 | |
wt)=yO° ekt W) =y=+ (" -y ekt |y
!
1 R N 1 I ! I

U'GD 1 2 5 4 0 1 2 3 4 0 1 2 3 4

Time (in units of £ ')
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Cinética de Transformacoes Quimicas

* Cinética de primeira ordem — reacao reversivel:

0
I + H,O
" 4 [RCHO) = - k.[H,0][RCHO] + &, [RCH(OH), ]
aldehyde ("A") dt

3 f = — k,[RCHO] + k,[RCH(OH), ]
é "fz § ll kt

e I

£ OH d[A] |

c? A H ——==k[A]+ kD]

< oH

3 d[D

= geminal dic! {"D") _[1.'_] =+k[A] - k|D]

g

The concentrations for which d[A]}/dt = 0 and d[B)/dt = 0 are called the equilibrium
or steady-state concentrations, [A]. and [B].. From Eq. 12-16:

Dl _k _ g (12-17)
Al kO

20 Environmental Organic Chemistry, Schwarzenbach, Gschwend, Imboden, 22 ed., Wiley, Hoboken, NJ, EUA, 2003 i B
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Cinética de Transformacoes Quimicas

ky 10 s~

_ — 3
T pe SRR

Hence, at equilibrium and neutral pH, formaldehyde dissolved in water occurs
09.8% as the diol. In the case of acetaldehyde (R = CH;), this fraction is about 50%.




Cinética de Transformacoes Quimicas

* Cinética de primeira ordem — reacao reversivel — simplificando
solucao (FOLIDE):

- Hes: dlA] d
Soma-se as duas equagdes: [A]  dID]_ d (IA]+[DD) =0
di di  di

[Ale: = [Aly + [Dly. = constante dlA] = —k,[A] + k, ([Al,, ~[A])

dt
[D] = [Alx—[A]l =k [A] g =k + &, )[A]

QFL 1604 — Quimica Ambiental 2

According to Box 12.1 (Case b, Eq. 6), this has the solution:

[A], =[A)y e ™S AL (1—e 8 (D], = [Al - [Al,
where
__k = 3 =0.3
M]“_ﬁ:] v Ey e PP 045 x107)sT

(95% of equilibrium reached)

22
naldo zito



Cinética de Transformacoes Quimicas

e (Catalisadores:

dal _ _ k[A), for low [A]
dr
% — — J, for high [A]

QFL 1604 — Quimica Ambiental 2
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Cinética de Transformacoes Quimicas

 Composicao da solucao:

Table 12.1 Reaction Rate Constants for the Base-
Catalyzed Hydrolysis of Benzoic Acid Ethyl Ester

; (Ethyl Benzoate) in Various Organic

€ Solvent-Water Mixtures © Q ':'"-.,,_,f"’
(O]

-'g Mi ks

= 1Ixture (M" 5")

©

g Water 3.0x 107

5 60% Ethanol / 40% water 1.2 x 107

= 60% Acetone / 40% water 28 % 10° athyl benzoate
- 40% Dioxane / 60% water 7.0 107

§ 70% Dioxane / 30% water 33x10°

= B —

5 “ Data from Mabey and Mill (1978)

24
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Cinética de Transformacoes Quimicas

 Modelo do reator bem misturado (ou de uma caixa):

Input | Cutput O C=M7r,
a ~
Reacoes:

R, = E R, [MT-]
]

Volume V

Reaction
Mass ‘M l

Concentration C

Balanco de massa:

d
M _0-R

MT™
- o IMT]

QFL 1604 — Quimica Ambiental 2

Figure 12.5 Schematic representa- M =¥VC
tion of a simple one-box model in-
cluding constant input (), output
(), and transformation reactions o fiot I_h'llL-j T—ll
in the bulk phase. M is the total d vV V Vv

mass of the compound in the con- 5
stant volume V. € is the total con- Mudang¢a temporal de concentracéo =

centration, and Q is the flow rate, entrada/(unidade de tempo e volume) — saida (unid. t/V)
— reagdo (unid. t/V)

iC I O R

25
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Cinética de Transformacoes Quimicas

Modelo do reator bem misturado (ou de uma caixa) — modelo mais simples:

1) saida é so pelo fluxo de solvente (a um fluxo Q):

T Q =1
EIQ-C:%M-_JEWM A“"_FF L]
“taxa de diluicGo” do reator

2) Reacdes sao de primeira ordem

Ro= > R=Y kM=k, M
1 1

with kg, = X k;.
1
%ﬂi:fﬂkw'ﬁ‘t'kmtm:f_(kw+kfm}m
I
d'M -
“==1-0-R, [MT") dC_I O Ra -1
d V V vV

E uma FOLIDE!



Cinética de Transformacoes Quimicas

3) Para estado estacionadrio e coeficientes constantes:

)=y +y (l=e )=y +(y,—v.)e™”
Case b. J, k = constant

Lt
= ok
g
: M = —2
S k, +k,
|
% C. = [y =Mm rkw'l'kint:kw'i‘zkj
: k+ky V

“constantes” de transporte + reagdo

27 _ _
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Cinética de Transformacoes Quimicas

4) Se a substancia entra no sistema pelo fluxo de agua:

I=9-C,

- {Q "F Ii"'r]{:’-llirr — kw [:
"k tk, '

{:-1
k + k n

ok W Lk

QFL 1604 — Quimica Ambiental 2
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Cinética de Transformacoes Quimicas

Illustrative Example 12.3 A Benzyl Chloride Spill Into a Pond

Problem

Due to an accident right before Christmas, an unknown amount of benzyl chloride
(BzC) (see Fig. 12.1) 15 introduced into a small, well-mixed pond that 1s used as a
drinking-water reservoir. Working for the State Water Authority, vou are asked to
estimate how much BzC has entered the pond, and more importantly, how long it
will take until the concentration will have dropped below 1 ug.L™'. Because of
the Christmas holiday, it takes you 5 days until you are ready to make the first
measurement. At this time (1.e., 5 days after the spill) the measured BzC concen-
tration in the pond water is 50 ug L™'. A second measurement 5 days later shows
that the concentration has dropped to 23.6 ug.L'. Besides answering the above
questions, you also want to identify the major removal mechanism(s) for BzC in
the pond. Assume that all relevant systems and compound parameters are constant
during the relevant time period.

QFL 1604 — Quimica Ambiental 2

Pond Characteristics

Volume V = 10" m*

Surface A = 2 = 10" m®

Water through-flow @ = 10" m"d"
Average water temperature 5°C

Benzyl Chloride (BzC)
Hydrolysis half-life at 25°C =15 h
Activation Energy E, = 80 kJ -mol’

29 _ _
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Cinética de Transformacoes Quimicas

Answer

From the two measured BzC concentrations at day 5 and day 10 you can calculate
the total (pseudo-)first-order rate constant &, using the simplest case of the FOLI-
DE (Box 12.1, Case a, Eq. 3):

= 1

E n BZEIA0d) k., -At (At =5d)

= [BzC](5d)

£

= and thus: n (50 ug-LH

£ _ @36ug-L) o

5 k, = 2 =0.15d

s

= which corresponds to a half-life (Eq. 12-13) of 4.6 d. The initial concentration right
& after the spill (day 0) can then be derived from:

[BzClsa 50 ug-L™
okt - o015

[BzClp = =106 ug - L™

Multiplication with the volume of the pond (see pond characteristics) yields the esti-
mated total input:

Total input = (106 mg.m™) (10° m?) = 10.6 kg

30 _ _
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Cinética de Transformacoes Quimicas

For calculating the time required for the BzC concentration to drop to 1 ug-L™', you
can, for example, start out from the measurement made 10 days after the spill:

=]
]n{23.6 g -1L7)

-1
=—HB L) g
ki (=0.15d7)

Hence, from the time of the spill it takes (10+21) d or about one month to reach
| mg. L,

For evaluating the major removal mechanism(s), calculate the hydrolysis rate of
BzC at 5°C using the half-life at 25°C (i.e., 15 h) and an activation energy, E, of
80 kJ .mol™. Insertion of E, into Eq. 12-30 with 7, = 298 K and T, = 278 K shows
that the hydrolysis rate constant of BzC at 5°C 1s about ten times smaller (or the half-
life is ten times larger) as compared to 25°C (see also Table DI of Appendix D).
Thus, the elimination of BzC by hydrolysis occurs with a rate constant, &, of

k, ~01-2 _ 046207 =0.11 d”
15h

Reinaldo C. Bazito



QFL 1604 — Quimica Ambiental 2

32

Cinética de Transformacoes Quimicas

Comparison of &, with the calculated k,, = 0.15 d™' shows that abiotic hydrolysis is the
most important removal mechanism for BzC in the pond (~75%); thus, you have to worry
about the transformation product benzyl alcohol (Fig. 12.1). About 7% is removed by
flushing (k,, = V/Q =0.01 d™"), and the rest by other processes. Considering the properties
of benzyl chloride (e.g., K, K., see Appendix C), the most likely additional elimination
processes are gas exchange and biotransformation (see later chapters).

Reinaldo C. Bazito
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Questoes

Q 12.1

Give some examples of important transformation reactions that organic pollutants
may undergo in the environment.

Q122
What are the most important questions that have to be addressed when dealing with
transformation reactions in the environment?

Q123

Does a positive standard free energy of reaction, A,G° mean that a given reaction
does not occur spontaneously under any condition?

Q124

Consider a reversible reaction with a A, G value of =20 kJ.mol™'. In which direction
will this reaction occur at the point at which the reaction quotient, O, is 10007 What
is the equilibrium reaction constant, K|, of this reaction?

Q125

What is meant by the term rate law of a transformation reaction of a given organic
compound? What does it describe?

Q12.6

What is the fotal order n of a given reaction? What are the most commeon reaction orders
in environmental organic chemistry? Does the total order of a given reaction tell you
anything about the reaction mechanism? What is a pseudo-nth-order rate constant?

Reinaldo C. Bazito
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Questoes

Q127

What are the dimensions of a (i) zero-order, (1) first-order, and (111} second-order reaction
rate constant? What 1s the half-life of a given compound with respect to a given reaction?
In which case(s) is the half-life independent of the concentration of the compound?

Reinaldo C. Bazito
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Questoes

Problems

P12.1 Evaluating the Transformation of Hexachloroethane to
Tetrachloroethene in an Aqueous Ferrous/Ferric Iron Solution

Consider the transformation of hexachloroethane (HCA) to tetrachloroethene (PCE)
in an acidic (why acidic?) aqueous solution at 25°C containing 0.5 mM Fe?'(aq),
5 mM Fe**(aq), 20 mM CI', and 1 uM HCA:
ClL,C-CCl; +2FeM(aq)== CLLC=CCl, +2 Fe'"(aq) + 2 CI’
HCA PCE

What type of reaction is this? To what extent 1s HCA transformed to PCE? Calculate
the [PCE]/[HCA] ratio at equilibrium. Assume that all activity coefficients are 1. In
the literature you find the following data:

AG, (aq) = ~78.9 kJ-mol'

A G (aq) = 4.6 kI mol™

AGE (ag)y = ~131.3 kJ-mol”

A Goo (g = -549kImol; Kyeap (25°C) = 3.96 L - bar-mol ™'

A, Gop (gl = +205k) -mol™'; Kpegy (25°C)y=27.9 L - bar -mol™

Reinaldo C. Bazito
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Questoes

P 12.2 Investigating the Elimination Process of a Chemical in a Well-Mixed
Reactor

The behavior of a chemical 1s investigated in a well-mixed reactor (volume ¥, flow
rate (J) by measuring the outflow concentration C,, at steady-state for different input
concentrations C;,. The results are given in the table below. (a) Determine the order of
the elimination process and formulate the differential equation which describes the
chemical in the reactor. (b) How long does it take for the outflow concentration to drop
from 40 mmol.L™" to 2 mmol.L™, if at time ¢,, C,, drops to zero instantaneously?

C;, /(mmol-L 'fi C ot f[_nlfnﬂl-L"j-

10 8
25 20
40 32

65 52

Reinaldo C. Bazito
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