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REACTIVE COUNTERION SURFACTANT CATALYSIS OF HYDROXAMIC ACID
HYDROLYSIS WITH PERFLUOROOCTANOIC ACID

Mohamed El-Sayed Ayoub, M.A.

Western Michigan U n ivers ity , 1986

A m ice lla r e ffe c t upon the rate o f hydrolysis o f hydroxamic 

acids in aqueous perfluorooctanoic acid has been demonstrated 

fo r  hydroxamic acids w ith chain lengths o f s ix , e igh t, and ten 

carbons. In th is  system the counterion, hydrogen ion, is  a 

ca ta lys t. Typical rate constant-surfactant concentration p ro files  

fo r  m ice lla r cata lysis were obtained. The results fo r  these 

hydrolyses are consistent w ith the pseudo-phase model fo r  m ice lla r 

e ffec ts .

In addition the Arrhenius activa tion  energies were determined 

fo r  the reaction o f octanohydroxamic acid at surfactant 

concentrations above and below the c r i t ic a l m icelle concentration 

of the surfactant. The activa tion  energy is  lower fo r  reaction 

in the m ice lla r solutions than i t  is  fo r  the non-micellar solutions. 

This also indicates the m ice lla r e ffe c t upon the reaction rate.
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CHAPTER I

INTRODUCTION

The aggregation* o f single molecules o f certain types in 

water solution leads to the formation of pa rtic les  o f co llo ida l

dimensions called m icelles from Latin : m ice lla , meaning small

b it .  The single molecules or monomers which can take part in 

th is  process are characterized by possessing two regions in th e ir  

chemical structures. One is  a hydrocarbon chain, the hydrophobic

region of the molecule, and the other is  polar or ion ic group,

the hydrophilic region of the molecule, e .g ., sodium lauryl su lfa te :

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-0S03"Na+

hydrophobic hydrophilic

The existence in  one compound o f two moieties, one o f which has 

a f f in i ty  fo r  solvent and the other which is  an tipathetic to i t ,
O

is  called amphipathy. This dual nature is  responsible fo r  the 

properties of m ice lliza tion  and so lu b iliza tio n . As a class these 

substances, which include soaps and detergents, have the tendency 

to associate in  solution forming m icelles and in general are called 

surfactants. These may be c la ss ifie d , depending upon the chemical 

structure o f the hydrophilic moiety bound to the hydrophobic portion

1
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as:

1. Anionic: the hydrophilic moiety is  anionic, e .g ., 

potassium laurate CH3(CH2) jqCOO“ K+, sodium laury l su lfa te 

CH3(CH2)n 0S03''Na+.

2. Cationic: the hydrophilic moiety is  ca tion ic , e .g .,

hexadecyltrimethyl ammonium bromide CH3(CH2)jgN+(CH3)3Br , 

dodecylpyridinium chloride -C12H25C1 .

3. Ampholytic: th is  type can behave as e ithe r an anionic, 

nonionic or cation ic species depending upon the pH of so lu tion , 

e .g ., the zw itte rio n ic  form of N-dodecyl-]J,^-dimethyl betaine,

C12H25N+^CH3^2CH2C00"-
4. Nonionic: the hydrophilic moiety o f th is  type can contain

hydroxyl groups or a polyoxyethylene chain, e .g ., polyoxyethylene 

p- te r t - octylphenyl ether, C8H17C6H40(CH2CH20) jqH and

polyoxyethylenemonohexadecyl ether, CH3-(CH2)jg(0CH2CH2)210H.

5. Naturally occuring compounds: e .g ., cholic acid and 

desoxycholic acid, and th e ir  sa lts .

HO

Sodium Choi ate

When an ion ic detergent is  added to water at very low 

concentrations, the detergent behaves lik e  any other strong
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e le c tro ly te , i t  is  completely dissociated. With respect to the 

e ffe c t o f the structure o f solutions, there is  a large in te rfa c ia l 

energy1 between the hydrocarbon chain and water which w il l  be 

minimized as fa r  as possible by cu rling  up the chain. There are 

two ways in which the free energy can be reduced:

1. Adsorption a t the interface between a ir  and solution

with the hydrocarbon chain remote from the water, so tha t the 

high energy o f hydrocarbon/water in terface is  lo s t.

2. Dimerization or formation of small aggregates containing

a small number o f soap monomers. Dimerization has been reported

by Mysels et a l.^  fo r  sodium dodecylsulfate. However, neither

of these processes can prevent the increase of free energy with

fu rth e r increase in the concentration o f the surfactant. A

concentration is  reached at which m icelle formation begins in

the so lution. This concentration is  the c r it ic a l m icelle

concentration (cmc). Accurate experimental work shows tha t i t
5

is  not a single sharp concentration but rather a narrow range.

The cmc is  usually determined experimentally by p lo ttin g  some

property as a function o f concentration and extrapolating the

results  at low and high concentrations to  an in tersection point.
5 6A large number o f experimental techniques * can be u tiliz e d  to 

determine cmc values, the most popular ones being investigations 

o f e le c tr ica l conductance and surface tension. The factors 

a ffec ting  the c r it ic a l m icelle concentrations are:

1. Hydrocarbon chain length and structures: In a l l  cases

the cmc decreases as hydrocarbon chain length increases. For 

the same head group, compounds containing longer hydrocarbon chains
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form micelles at lower concentrations than those containing short 

chains. The position of the head group in the hydrocarbon chain

also a ffects the cmc.7 The closer the head group to  the center

of the chain, the higher the cmc due to the two branches o f the 

chain p a r t ia lly  shielding one another. Also the presence o f a 

double bond in  the chain causes an increase in the cmc, eg., fo r  

potassium stearate a t 55°C the cmc is  4.5 x 10“ 4 M while fo r
_3

potassium oleate the cmc is  1.2 x 10 M.

2. Nature o f the polar head group: For ionized detergents

the cmc values are fa i r ly  s im ila r, i . e . ,  the e ffe c t o f d iffe re n t

ionized groupings on the cmc is  not large. The number o f ion ic

groups also a ffects  the cmc, the more ionized groups present in 

the surfactant, the higher the cmc due to increase in  e le c tr ic a l 

work to form the micelles as the number of groups increases. For

the nonionic type of surfactant, increase in  the length o f the

polyoxyethylene chain causes an increase in the cmc and decreases 

micelle size. Also the nature o f the counterion in the case of 

ionized detergents has some e ffec t on the cmc; i t  was found that
q

the cmc decreases as the solvation of the counterion decreases.

3. E ffect o f add itives: Addition o f sa lts  decreases the

cmc fo r  ionized detergents because the screening action*^ o f simple 

e lectro ly tes lowers the repulsion forces between the polar head 

groups and less e le c tr ica l work is  required in m icelle formation. 

The m icelle size increases with increased s a lt concentration due 

to reduction in  e le c tr ic a l repulsions a ffec ting  the balance of 

forces upon which the size o f the m icelle depends.

4. E ffect o f temperature: The e ffe c t o f temperature** on
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the cmc varies over certa in  ranges fo r  ionized detergents, e .g .,

sodium dodecylsulfate gives a minimum in the cmc-temperature curve

at 25°C; fo r  the nonionic detergent, CH3-(CHgJgtOCHgCHg)50H, a
12decrease in the cmc with increasing temperature is  observed.

I t  should be realized tha t m icelles, when formed, are not

indestructib le . Several studies have been made of m ice lla r
13breakdown follow ing the change spectrophotometrically or by 

fo llow ing i t  conductim etrica lly .1̂  There is  rapid exchange of 

monomer units between m icelles and bulk so lu tion. I t  is  correct 

to th ink o f micelles as spheres15 (Figure 1) in which the 

hydrophobic portion occupies a volume known as the core and the 

hydrophilic portion forms the surface layer which is  called the 

Stern layer which contains t ig h t ly  bound counterions tha t move 

with the m ice llar aggregate. The Gouy-Chapman layer contains 

the remaining counterions loosely arranged according to a Boltzmann 

d is tr ib u tio n  extending ra d ia lly  in to  the aqueous phase. Most 

of the counterions are associated with the Stern layer. The m icelle
• c

may take other shapes depending upon the surfactant concentration,1
17 18temperature, and other compounds in so lution. Other aggregate

19shapes are e llip s o id , ro d -like  and lam ellar.
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organic substrate

Gouy-Chapman layer
(up to  several hundred °A)

core

Stern layer

shear surface

I ©
©

Figure 1, . Model o f Hypothetical Cationic M icelle Showing the 
Locations of Headgroups, Surfactant chains and
Counterions. d

M ice lla r Catalysis and Kinetics

M ice lla r ca ta lysis in  water is  generally ra tiona lized in
3

terms o f reaction in the m ice lla r and in the aqueous pseudo phase.

Most models of m ice lla rly  catalyzed reactions assume tha t the

overall rate o f reaction is  the sum of rates in each pseudo phase

and tha t changes in the rate with increasing surfactant

concentration or added reagents re fle c t changes in the d is tr ib u tio n

of reactants between the pseudo phase. Other models also consider

the e ffec ts  o f the m ice lla r surface charge on the in i t ia l  and
20tra n s itio n  state free energies in the m ice lla r pseudo phase 

re la tive  to  the aqueous phase. Pseudo phase formation occurs 

above the cmc, and a ll additional surfactant above the cmc forms 

m icelles with the monomer concentration remaining constant and 

equal to  the cmc. Quantitative treatments o f m ice lla r e ffects 

on reaction rates and e q u ilib r ia  generally f i t  the data very well 

a t high surfactant concentration, but sometimes f a i l  near the
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cmc. The model e x p lic ity  assumes tha t changes in m icelle size 
21and shape as the surfactant concentration changes are not very

important, so tha t only those factors which control the d is tr ib u tio n

of reactants w il l  s ig n if ic a n tly  a ffe c t the observed rate. Buffer

e ffects  are p a rtic u la r ly  d i f f ic u l t  to in te rp re t also. The presence

of both reactive and unreactive counterions must be accounted

fo r in the d is tr ib u tio n  o f the counterions between the m ice lla r

and aqueous pseudo phases.

Micelles are assumed to have a "hydrocarbon lik e "  in te r io r

surrounded by the Stern layer containing hydrated head groups

p a r t ia lly  neutralized by counterions in the case o f ion ic

surfactants. I t  is  assumed tha t the degree of water penetration

in to  the core does not s ig n if ic a n tly  a ffe c t the in te rp re ta tion

of m ice lla r e ffects  on the rate. The reaction s ite  w ith in  the
21m ice lla r pseudo phase is  assumed to be the Stern layer. A number

of studies indicate tha t the m icellar-bound substrates, usually

polar organic molecules, are in an environment o f moderate p o la r ity

s im ila r to that o f ethanol and not the nonpolar environment of
22 23the hydrocarbon core. Also the d is tr ib u tio n  of a ll reactants

between the two phases is  always in equilibrium  because th e ir  

d iffus ion  rate is  orders o f magnitude fas te r than the rate of
3

the reaction. The binding o f a neutral organic substrate is

dominated by the hydrophobic e ffe c t mediated to varying degrees

by dipole and hydrogen bonding in teractions and binding occurs
22regardless o f surfactant charge type.

Scheme I il lu s tra te s  the pseudo phase model fo r  reactions

in the m ice lla r so lu tion , assuming that the d is tr ib u tio n  of
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substrates(s) is  described by a simple binding constant (Kg)

n + Sw Sm
k' I N k' I w j  w . j

Product 

Scheme I

Nm

where S., and Sm are substrate concentrations in the bulk water w m
phase and in the m ice lla r pseudo phase.

Dn = concentration of mi ce llized  surfactant with aggregation 

number n.

N.. and N are reactive counterion concentrations in the water w m
and m icelle phases. [N] is  always in large excess over substrate 

concentration, which w il l  establish a pseudo order condition so 

tha t:

k ',, = k .TNl  and k'  = k mrj w wL w m m N

where k' = pseudo f irs t-o rd e r  rate constant in water phase w
k 'm = pseudo f irs t-o rd e r  rate constant in  the m ice lla r phase, 

m̂  = mole ra tio  o f m ice lla r bound reactive ion (Nm) to 

mi cel l i  zed surfactant Dn with aggregation number n. m̂  is  equal 

to  8 which is  defined as the degree o f counterion binding because 

o f the absence of any nonreactive counterion fo r  reactive counterion 

surfactants. Values of 8 are independent surfactant concentration
24

and are always w ith in the range o f 0.6-0.9.
25The k ine tic  equation derived, based on the above scheme
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fo r  a reactive counterion surfactant (N) is :

W  + 'Stvrsw
k * ------------------------------------------------------------------ (1)

1 ♦ Ks[Dn]

where = observed rate constant 

phase

k., and km = second-order rate constant in water and in m ice lla r w m

[N j] = Ct  = stoichiom etric concentration o f reactive counterion

S = molar density of m ice lla r phase expressed in moles o f

surfactant per l i t e r  o f m ice lla r phase.
25In most cases: K„k » k .,s m w

kw[NT] ♦ kraKsBS[Dn] 

k* 1 ♦ KS[D„] U )

The derivation of the previous equation assumes tha t m icellized

surfactant is  in  excess over substrate. [Dn]» [S m] and tha t the

m ice lla r pseudo phase occupies only a small fra c tio n  of the to ta l

solution volume. The former assumption fa i ls  only near the cmc
25and binding constants are usually determined well above the cmc. 

Equation (2) f i t s  a few cases, fo r example: The long chain su lfon ic 

acid catalyzed hydrolysis o f acetals including the e ffe c t o f added
pi

HC1, the addition o f CN to N-alkyl-3-carbamoylpyridinium ion
26in ce ty ltrim ethy l ammonium cyanide, and the reaction o f azide

ion with 2,4-dinitrochlorobenzene and 2,4-dinitrochloronaphthalene
27in ce ty ltrim e thy l ammonium azide. However equation (2) fa i ls  

fo r  some reactions, but not a ll reactions in  ca tion ic surfactants.
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Several explanations are possible; a l l  require substantial
20m odification of the pseudo phase model.

Hydrolysis o f Hydroxamic acids

28 29Hydroxamic acid hydrolysis and the mechanism fo r

hydrolysis using anionic surfactants has been reported as fo llows:

I  ¥ + *  *
R-C-N-OH + H,0t ^  R-C-N-OH + H,0 (3)d + i

0VH H OH H
R-C-N-OH + H20 R-C-N-OH (4)

OH,+ 2

OH H OH H
R-C-N-OH 5=* R-C-N+-OH (5)
+4h2 OH H

OH H OH 0
\  1+ 1+ fa s t N +

R-C-N-OH ^  R-C + NH,OH ^  R-C-OH + H-NOH (6)/ I  I 2 3
OH H OH

The purpose o f th is  thesis is  to  study the substrate e ffe c t 

on the rate o f hydrolysis o f hydroxamic acids using 

perfluorooctanoic acid as surfactant. This surfactant is  o f the 

reactive counterion type. Previous studies o f m ice lla rly  catalyzed 

hydroxamic acid hydrolysis employed nonreactive counterion

surfactants with added reactive ions. The acid catalyzed hydrolysis
30 19reactions followed the equation derived by Romsted appropriate

fo r  such cases:
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11

k 'm3SKJCx - cmc) m s t
(7)

2 [Ks(Ct  - cmc) + l ] [ I t  + Xt K j]
+

Ks(Ct  -  cmc) + 1

where kg = overall second-order rate constant.

k' and k' are rate constants in  the aqueous and m ice llar w m n
pseudo phases.

I t  = the to ta l concentration o f the hydrophilic reactant

ion.

Xt  = the to ta l concentration of the surfactant counterion.

Kj = the ion exchange constant.

Perfluorosurfactants have been l i t t l e  studied fo r  th e ir  e ffec t 

on reaction k ine tics . Recently a study o f the rate o f hydrolysis 

of n-octanohydroxamic acid as an example o f an a lip h a tic  substrate 

in addition to two other aromatic substrates with perfluorooctanoic
O l

acid was made. The results are in  agreement with what w ill 

be reported in the Results and Discussion sections o f th is  thesis.

The second purpose of th is  study was to  investigate the 

influence o f temperature on the reaction above and below the cmc 

by evaluation of Arrhenius activation energies.
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CHAPTER I I

PREPARATION OF COMPOUNDS AND KINETIC PROCEDURES

P urifica tio n  o f Perfluorooctanoic Acid (CF^-(CFg)gCOOH)

The compound was purchased from A ldrich Chemical Company. 

P u rifica tion  was accomplished by two successive c rys ta lliza tio n s . 

Nine grams o f the compound were dissolved in 300 ML o f CCl^ (ACS) 

on the steam bath, the hot mixture was f i l te re d  and allowed to 

cool in a re fr ig e ra to r. The crysta ls were separated by use of 

suction f i l t r a t io n  and were washed with a minimum amount o f solvent. 

The melting point was measured using a Thomas Hoover melting point 

apparatus and was found to be 56.5-58°C ( lite ra tu re  56.4-57.9°C).33 

Also the p u r ity  was tested by t i t ra t io n  of the surfactant against 

standardized NaOH, calculated molecular weight was 408.2 g/mol 

(theoretica l = 414.1 g/mol).

Preparation of Hydroxamic Acids

Hexanohydroxamic, octanohydroxamic and decanohydroxamic acids 

were prepared and p u rified  by Professor Donald Berndt.

Preparation o f Ferric Chloride Solution

The solution was prepared according to the fo llow ing ra tio :

HgO (mL): concentrated HC1 (mL): FeClg (g) = 100:10:1

12
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The fe r r ic  chloride solution is used as an ind ica to r, i t  forms 

a maroon complex with unreacted hydroxamic acid.

V e rifica tion  of Beer's Law

A 0.007 M surfactant solution was prepared using 1:1 (v /v)
- 4t-buty la lcohol:H 20. Also a 5.0 x 10 M solution of 

octanohydroxamic acid was prepared using 1:1 (v /v)

t-buty la lcohol:H 20. Into 50 mL volumetric fla sk  (A), the fo llow ing 

amounts were pipeted: 25 mL of surfactant so lu tion , 10 mL of

FeClg solution and 3 mL o f octanohydroxamic acid so lution. Then 

the solution in the flask  was d ilu ted  to the mark with 1:1 (v /v) 

t-buty la lcohol:H 20. Into another 50 mL fla sk  (B) were pipeted 

a ll the previous solutions as in fla sk  (A) except tha t 6.0 mL 

of the hydroxamic acid was used instead o f 3.0 mL and then the 

solution d ilu ted  to the mark with 1:1 (v /v ) t-bu ty la lcoho l:H 20. 

Into a th ird  50 mL volumetric fla sk  (Blank) were pipeted 25 mL 

of surfactant so lu tion , 10 mL o f FeCl^ so lu tion , and the solution 

was d ilu ted  with 1:1 (v /v) t-b u ty l al cohol :H20 to the mark. The 

absorbance o f solutions A and B versus the Blank at 520 nm using 

a Gilford-Beckman spectrophotometer were determined. The results 

indicated the a p p lic a b ility  o f Beer's Law, Table 1.
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Table 1 

V erifica tion  of Beer's Law

Compound Solution Abs

n-octanohydroxamic acid A (3 mL) 0.140

B (6 mL) 0.289

Preparation o f Reactions, Solutions and K inetic Procedures

1. The surfactant solution o f the desired surfactant 

concentration was prepared using double d is t i l le d  water as solvent.

2. 40 mL o f surfactant solution were pipeted in to  each 

reaction vessel (p la s tic  tes t tubes or b o ttle s ). The reaction 

tubes were placed in  an o il bath fo r  about 10-15 minutes to allow 

e qu ilib ra tio n  with the o il bath temperature.

3. The in i t ia l  concentration o f hexanohydroxamic acid in 

the k in e tic  runs was 5.0 x 10"^ M but fo r  decanohydroxamic acid 

was 2.22 x lO" 4 M (because of i t s  low s o lu b il ity  in  water).

4. For hexanohydroxamic acid 1 mL and fo r  decanohydroxamic 

acid 5 mL o f the solution were pipeted in to  each reaction tube 

containing the surfactant solution.

5. Ferric chloride solution (10 mL) was pipeted in to  each 

o f e ight 50 mL volumetric flasks. One o f these was the Blank 

which contained 10 mL o f FeClg so lu tion, 3 mL o f surfactant solution 

fo r  the hexanohydroxamic acid (5 mL instead o f 3 mL, in the case 

of decanohydroxamic acid) and d ilu ted to  the mark w ith 1:1 (v/v) 

t-bu ty la lcoho l:H 20. Samples of the reaction mixture were taken 

with a 3 mL pi pet fo r  hexanohydroxamic acid and a 5 mL pi pet fo r
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decanohydroxamic acid. The time of the sample was recorded as 

the time at which the p ipet fin ished draining in to  the FeClg

solution in the 50 mL volumetric flask  which was then d ilu ted  

with 1:1 (v /v) t-b u ty l al cohol rHgO to the mark and inverted twenty 

times.

6. The absorbance o f the solutions versus the blank was

taken two times and the average reading was recorded. The wave 

length was 520 nm and 10 cm uv ce lls  were used. The sample ce ll 

was calibrated versus the blank ce ll using d is t i l le d  water.

For each o f the hydroxamic acids the rate constants were 

determined over the surfactant concentration range of 0.005-0.035 M. 

The observed rate constants are pseudo f irs t-o rd e r  since the

surfactant concentration is  in excess compared to the hydroxamic

acid concentration.

The fo llow ing d e r iv a tio n ^  illu s tra te s  the re la tionship between 

the observed rate constant and measured absorbances.

In a/(a - x) = kobgt  (8)

where a = in i t ia l  concentration o f hydroxamic acid 

x = concentration o f reacted hydroxamic acid 

k0bs = pseudo f irs t-o rd e r  rate constant.

Since the concentration o f hydroxamic acid is  proportional to 

absorbance

0°o In a/(a -  x) = In (Ac - Ao)/(A00 - At ) (9)
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where A„ = measured absorbance at time in f in i t y  

A0 = measured absorbance at time = 0

A^ = measured absorbance at time t

Assuming tha t the reaction w il l  go to completion, A„ = 0 .

0°o In At  = -kQbst  + In Ac (10)

A p lo t o f In At  versus time yie lds a s tra igh t lin e  with slope

equal to  " k ^ .  A least-squares treatment o f In At  versus time 

was used to determine pseudo f irs t-o rd e r  rate constants. A typ ica l 

example o f rate data is  in  Table 2 below.

Table 2

Sample Data fo r  the Determination of kQbs of 
5.0 x 10“ 4 M Hexanohydroxamic Acid and 
2.44 x 10~2 M Surfactant a t 70 ± 0.1°C

Sample Number Clock Time Time (min) AVE Abs

1 10:41 0 0.220

2 11:21 41 0.186

3 12:11 90 0.161

4 14:04 203 0.124

5 15:05 264 0.101

6 16:20 339 0.082

The least squares resu lt y ie lds :

corre la tion co e ffic ien t = -0.997
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slope = -0.00281 m ir f1

The data are shown in  Figure 2 and fo r  the dup lica te , and the 

average rate constant was calculated.
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CHAPTER I I I

RESULTS AND DISCUSSION

Kinetic studies o f the rate o f acid catalyzed hydrolysis 

of hexanohydroxamic and decanohydroxamic acids have been carried 

out w ith the surfactant, perfluorooctanoic acid. The surfactant 

provides the acid ca ta lys t as well as the formation o f m icelles. 

Mi c e lla r  cata lysis is  observed. See Table 3.

The data indicate m ice lla r rate enhancement as shown by

comparison of rate constants above and below the cmc. The results 

are consistent with known factors which a ffe c t the rate constant

o f reaction in the mi c e lla r  phase. The ra tio  depends upon the 

nature of the substrate; i t  increases from 3.9 fo r  aromatic 

substrates up to  40 fo r  the a lip h a tic  substrates. The ra tio

increases more fo r  longer a lip h a tic  chains. Perhaps there is  

no m ice lla r e ffe c t, but only acid ic ca ta lys is fo r  the aromatic 

substrates.

The k ine tic  data obtained fo r  n-hexanohydroxamic and 

n-decanohydroxamic acids are given in Tables 4 and 5.

For both hydroxamic acids, the rate constant ( k ^ )  versus

surfactant concentration p ro file s  (Figures 3 and 4) show typ ica l

m ice lla r cata lysis with a sharp break in the curve a t the cmc.
25The cmc is  usually defined operationally from such graphs, since 

the actual value varies somewhat w ith temperature and the presence

19
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Table 3

Data fo r  Rate of Hydrolysis of Some Hydroxamic Acids 
Below and Above the cmc at 70 ± 0.1°C

kobs sec" 1

Hydroxamic Acids Ca = 0.00750 M 

No Micelle

Ca = 0.0342 M 

M icelle Present

Rati o

0
/ - \  11 h -@ -ch 2cnhoh -5b0.69 x 10 5

_5b
2.70 x 10 0 3.9

0
Br-@ -CH2C-NH0H ~5b0.73 x 10 3 -5b2.80 x 10 0 3.8

0
ch3-(ch2)4cnhoh 0.58 x 10" 5 6.90 x 10" 5 12

0
ch3-(ch2)6cnhoh fib0.90 x 10 D

_5b
29.61 x 10 0 33

0
CH3-(CH2)gCNH0H 1.04 x 10" 5 4.17 x 10“ 4 40

aTotal surfactant concentration. bH. Akhavan-Tafti, Western

Michigan U n ivers ity , unpublished resu lts .

o f other add itives. A "k in e tic " cmc was estimated from the 

in tersection o f the extrapolations o f the lines as shown in Figure

4. The value o f the cmc is  estimated to  be 0.010 M fo r

perfluorooctanoic acid at 70 ± 0.1°C from k in e tic  data fo r  the 

reaction o f decanohydroxamic acid. The lite ra tu re  value is  in 

the range o f 0.0080-0.0091 M at 25°C as determined by a s o lu b ility  

method.32
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Table 4

Kinetic Data fo r  Hydrolysis o f n-Hexanohydroxamic Acid 
as a Function of Perfluorooctanoic Acid as 

Surfactant at 70 ± 0.1°C

Ct  x 10^ M ave. k ^ x 10^ min’ *

3.42 4.14

2.93 3.49

2.44 2.85

1.95 1.42

1.46 0.481

0.976 0.442

0.488 0.254

Note, ave. kQbs are average o f 2 or 3 values. Percent differences 

in kQbs o f duplicate runs did not exceed 5%.

Equation (2) can be rearranged to equation (11) as fo llow s:

k C. ~ kAi w t  obs
k h = k' + — --------------------- , ( 11)
°bs Ks(Ct  - cmc)

where k^ = kQbs = pseudo f irs t-o rd e r  rate constant 

k' ■ km6S 

D>n] ■ Ct  -  cmc 

[Nt ]  = c t
PfiEquation (11)» based upon the pseudo phase model, fa i ls  near

the cmc because o f spec ific  in teractions between surfactant and

reactants and also fo r  reasons not currently  understood. For
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Table 5

Kinetic data fo r  Hydrolysis o f n-Decanohydroxamic Acid 
as a Function o f Perfluorooctanoic Acid as 

Surfactant at 70 ± 0.1°C

Ct  x 102, M 2 -1 ave. kQbs x 10 , min

3.11 2.46

2.67 2.28

2.22 2.13

1.78 1.81

1.33 1.50

1.20 0.869

1.06 0.223

0.889 0.0671

0.444 0.0290

Note, ave. kQbs are average o f 2 or 3 values; percent differences 

in kQbs o f duplicate runs did not exceed 5%.

example fo r  reactive counterion surfactants having very hydrophilic
35counterions such as hydroxide and flu o ride  ions the model fa i ls .

The r ig h t hand term of equation (11) is  subject to considerable 

erro r at surfactant concentrations near the cmc, thus equation 

( 11) should be tested over a s ig n ifica n t concentration range of 

the surfactant considerably above the cmc.

An e rro r analysis indicates tha t the overall e rro r in the 

term (kwCt  - kQbs)/(C t  - cmc) decreases from 23% to 9% as the 

to ta l surfactant concentration increases. This overall e rror 

is  calculated assuming a 5% e rro r in kQbs, k antj cmc>
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Table 6

Parameters fo r  Equation (11) fo r  
Decanohydroxamic Acid Above the cmc

Ct  x 102 M (Ct -cmc) x 102 kobs x 102 m ir f1 kwCt  " kobs 
Ct -cmc

3.11 2.07 2.46 -1.08

2.67 1.63 2.28 -1.29

2.22 1.18 2.13 -1.67

1.78 0.0738 1.81 -2.28

1.33 0.0293 1.50 -4.80

1.20 0.0160 0.869 -4.91

A p lo t o f kQj)S (pseudo f irs t-o rd e r  rate constant) versus 

(kwCt  - k0bS) / ( ct  " cmc), Figure 5 shows a somewhat line a r

re la tionsh ip  fo r  decanohydroxamic acid. Notice tha t there w ill

be also some e rro r in  k C. since the perfluorooctanoic acid does
W v

not completely ionize and may have a d iffe re n t frac tion  ionized

at s ig n if ic a n tly  d iffe re n t to ta l surfactant concentration (Ct ).

In addition the extent o f ion ization may be influenced by m icelle

formation above the cmc.

The value o f k. was evaluated fo r  surfactant concentrationsw
below the cmc, i . e . ,  in  the region in  which there are no m icelles,

- 2  - 1  - 1the average kw = 4.34 x 10 L*mol *min fo r  hexanohydroxamic
-2  -1  -1acid and 7.04 x 10 L*mol *min fo r  decanohydroxamic acid.
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31A previous study which used octanohydroxamic acid

(5 x 10" 4 M) as organic substrate and perfluorooctanoic acid 

as surfactant indicated that equation ( 11) might be applicable. 

However equation (11) fa ile d  fo r  phenylacetohydroxamic and

4-bromophenylacetohydroxamic acids investigated in that study. 

In fa c t there may be very l i t t l e  m ice lla r e ffe c t fo r  these two

acids.

Thus the a p p lic a b ility  o f equation (11) to the studies with 

perfluorooctanoic acid in water solution cannot be evaluated at 

th is  time. The s o lu b ility  o f the surfactant in water is  too low 

to permit a s u ff ic ie n tly  wide range o f surfactant concentration 

to be used fo r  an adequate te s t o f the equation. As an example, 

the perfluorinated compounds have much lower cmc's, i . e . ,  less

s o lu b il ity ,  than the corresponding hydrocarbon surfactants; the 

cmc's fo r  sodium perfluorooctanoate and sodium octanoate are 0.030 

and 0.38 M, respectively.

Another purpose o f th is  thesis is  to calculate Arrhenius 

activa tion  energies (Ea) fo r  reactions in the m ice llar and 

non-mi c e lla r  solutions. The reaction which was investigated is  

the hydrolysis of n-octanohydroxamic acid using perfluorooctanoic 

acid as surfactant.

The rate constant ( k ^ )  was evaluated at concentrations 

(Ct ) above the cmc, i . e . ,  concentrations at which micelles form, 

at temperatures 60.3, 70.0, and 79.1°C. Also was determined 

below the cmc at these temperatures and at 90.1°C. The v a lid ity  

o f the Arrhenius equation (12) was confirmed by p lo ttin g  the 

logarithm of the rate constant against the reciprocal o f absolute
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36temperature. S tra ight lines were obtained, e .g ., Figure 6 (F -test 

shows significance w ith in  1-5% level except fo r  the 0.0293 M 

surfactant case in  which i t  is  almost w ith in  the 5% le ve l) .

- E /RT
k = Ae a (12)

Ink = InA - E 'RT (13)
a

The Arrhenius equation (12) indicates tha t molecules must

acquire a certain c r i t ic a l energy (E ) before they can react,
-E /RT a

the Boltzmann fac to r e being the fra c tio n  of molecules that

contain the necessary energy. Variation of temperature allows

one to  vary the average energy o f reactants in accord with a

Maxwell-Boltzmann d is tr ib u tio n  function.

Table 7 summarizes the results  obtained from the Arrhenius

equation. However one should remember tha t the Arrhenius equation

is  only a good approximate representation o f the temperature

dependence o f k. The influence o f m icelles upon the rate of

reaction can be seen by comparison o f the Ea values at surfactantO
- 2  -2  concentrations in the range 2.44 x 10 to  3.42 x 10 M, i . e . ,

_2
above the cmc and at 0.750 x 10 M, i . e . ,  below the cmc. The

E values are lower fo r  solutions with m icelles than the E„ fo r  a a
solutions without m icelles fo r  the reaction under investigation.

The same resu lt was obtained fo r  the condensation of

4,4 '-diaminodiphenyl ether with fu rfu ra l using sodium dodecylsulfate
37as surfactant a t pH = 10.5 . The activa tion  energy fo r  the case

with no micelles is  7.4 kcal/mol and i t  is  1.2 kcal/mol in  the 

m ice lla r case. Also there are cases in which Ea is  nota
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Figure 6. Dependence o f Natural Logarithm o f Observed Rate 
Constant fo r  the Hydrolysis of Octanohydroxamic 
Acid, on the Temperature fo r  3.42 x 10“ 2 M 
Perfluorooctanoic Acid
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Table 7

Summary fo r  the Results Obtained by PIottir.a Equation (13) fo r  
Surfactant Concentration Range 0.750 x lO- * - 3.42 x 10” 2 M _ 

fo r Hydrolysis o f Octanohydroxamic Acid

Ct  x 102 (M) T (K) k x 10^ (sec-1 ) Ea (kcal/mol)a lnAa

3.42 352.25 5.32 17.4 17.4

343.15b 2.96

333.45 1.31

2.93 352.25 4.42 16.2 15.40

343.15b 2.72

333.45 1.21

2.44 352.25 3.50 14.5 12.79

343.15b 2.11

333.45 1.09

0.750 363.45 0.28 18.4 15.08

352.25 0.15

343.15b 0.090

333.45 0.027

aA is  not a true frequency fa c to r, because k is  pseudo rate 

constant. bH. Akhavan-Tafti, Western Michigan University, 

unpublished resu lts .

s ig n if ic a n tly  d iffe re n t fo r  the m ice lla r and non-micellar cases,

e .g ., the oxidation o f d ie thy l su lfide  with the surfactant sodium

dodecylsulfate has e ssen tia lly  constant enthalpy, but d iffe re n t
38entropies of activa tion  above and below the cmc. In a s im ila r
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way the increase in concentration o f ce ty ltrim ethy l ammonium bromide 

from 0.004-0.1 M is  accompanied by no change in  E. although aa
39considerable change in entropy o f activa tion  occurs fo r  the 

base catalyzed oxidative cleavage o f the C-C bond in 

l,l-b is (p -ch lo ropheny l)-2 ,2 ,2 -tr ich lo roe thano l. For the basic 

hydrolysis o f N-methyl-p-toluanilides with ce ty ltrim ethyl ammonium 

bromide, a change in E0 but not in  the entropy o f activa tion  was 

observed fo r  one compound and changes in  both Efl and entropy of 

activa tion  occurred fo r  a second compound.40

The e rro r in the activa tion  energies may be determined as 

follows as described by Wiberg.41 Since three temperatures are 

used in the case o f surfactant concentrations above the cmc, the 

slope is  p rim arily  determined by the f i r s t  and th ird  points and 

the middle point p a r t ia lly  controls the value of the in tercept. 

Even when four temperatures are used (case below the cmc), the 

slope is  almost e n tire ly  contro lled by the f i r s t  and fourth  points. 

Let a be the maximum frac tiona l e rro r in the rate constant 

(a = 0.05) and 5 the e rro r in the activa tion  energies

(14)

where T and T' are the lowest and highest temperatures, 

respectively.

The magnitude o f the e rro r in  kcal/mol which resu lts  from 

th is  treatment indicates tha t 6 = 1  fo r  calculated activa tion  

energies fo r  reactions above the cmc and 0.8 fo r  activa tion  energy 

fo r  reaction below the cmc.
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Conclusions

32

A m ice lla r e ffe c t upon the rate o f hydrolysis o f hydroxamic 

acids in aqueous perfluorooctanoic acid has been demonstrated 

fo r  a lip h a tic  hydroxamic acids with chain lengths o f s ix , e igh t, 

and ten carbons. Typical rate constant-surfactant concentration 

p ro file s  fo r  m ice lla r ca ta lysis were obtained. In addition, the 

Arrhenius activa tion  energies determined fo r  reaction of 

octanohydroxamic acid a t surfactant concentrations above the cmc 

were lower than the activa tion  energies fo r  reactions below the 

cmc, thus ind ica ting  the e ffe c t o f m ice lliza tion  on the rate of 

reaction.

The low s o lu b il ity  o f perfluorooctanoic acid in  water prevented 

the use o f a s u ff ic ie n t ly  wide range of surfactant concentrations 

necessary to te s t the theoretica l equation (based on the pseudo 

phase model) appropriate fo r  th is  surfactant type. Thus i t  is  

recommended tha t a search fo r  a solvent system which would provide 

a greater s o lu b il i ty  range fo r  perfluorooctanoic acid be sought 

so tha t an adequate te s t o f the model equation fo r  m ice lla r e ffects 

can be made.
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