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is 0.0071 and in the bubble point temperature is 0.44 K. 

second virial coefficient, cal/mol 
number of components 
deviation of pair of points c and d 
height of the peak 
constant defined by eq 1 
weight, g 
number of data points 
vapor pressure of pure component, atm 
total pressure, atm 
defined by eq 8 
gas constant, 1.987 cal/(mol K) 
temperature, K 
molar vapor volume of the mixture mL/mol 
molar vapor volume of component i ,  mL/moi 
molar liquid volume of pure component i ,  mL/mol 
mole fraction of component i in the liquid phase 
mole fraction of component i in the vapor phase 
compressibility 
parameters in Wilson equation 
liquid-phase activity coefficient of component i 
vapor-phase fugacity coefficient of component i 
vapor-phase fugacity coefficient of pure saturated 

component i at PIo and system temperature 
constants in eq 5 

Subscripts 
b boiling point 
c, d 
i component i 
i component j 

pair of data points 

I data point 
S base component 

Reglstry No. MeOH, 67-56-1; EtOH, 64-17-5; I-PrOH, 67-63-0. 
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Kinetics and Equilibrium Data of the Dehydration-Hydration 
Reaction between Diacetone Alcohol and Mesityl Oxide in 
Phosphoric Acid 

Yong K. Kim‘ and John D. Hatfleld 
Division of Chemical Development, National Fertilizer Development Center, Tennessee Valley Authority, Muscle Shoals, 
Alebama 35660 

The velocltles of dehydratlon of diacetone alcohol and 
hydratlon of mdtyl  oxMe were studled In regtons of 
8 .6452% phoophork acld. Became the reacttons are 
adbcatalyzed, the reactlon velocltles In both dlrectlons 
were Increased as the acld concentratlon Increased. The 
reactlon kinetics flt the reverdble fltstorder model wlth 
respect to the concentratlon of reactants, Including the 
actlvlty of water. These results are consistent wlth the 
mechankmo proposed by a prevlouo lnvestlgator In whlch 
the rate-determinlng step Is addltlon or removal of 
protons. EqullUHium constants were derlved from cialutlon 
comporltlon and speclflc rate constants whlch agreed wlth 
each other. The equHlbrlum constant did not change wlth 
add concentratlon In the dlktte range, but Increased 
dahtly at hlgher ackl concentratlons. The reactlon 
vdocnles and the equi#brlum constants Increased wlth 
Increadng temperature, and the advatlon energles were 
18.8 and 12.7 kcal/mol for the dehydratlon and hydratlon 
reacttons, rerp.ctlve4y. 

The condensation of acetone in strong acid produces mesityl 
oxide through the dehydration of diacetone alcohol (7-3). The 
dehydration kinetics have been investigated In the presence of 
catalysts such as ion-exchange resins (4),  polymers (5, 6), and 
dimethyl sulfoxide (7). The velocity of the reverse reaction, 
hydration, also has been investigated in different acids of 
modest concentration (8, 9). 

A recent study in this laboratory of the purification of wet- 
process phosphoric acid with acetone extraction (70) showed 
that small amounts of mesityl oxide were formed in removing 
the acetone from the purified acM by distillation at atmospheric 
pressure. The amount of mesityl oxide present was affected 
by the concentration of the acid and the temperature of the 
reaction. 

During the analysis for mesityl oxide by gas chromatography, 
it also was found that the mesityl oxide was unstable in H3P0, 
solution and gradually changed to another compound which had 
a different boiling point and gave a different peak in the gas 
chromatogram. This new peak position corresponds to that of 
diacetone alcohol, and the new compound was positively 

This article not subject to US. Copyright. Published 1985 by the American Chemical Society 
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Table I. Equilibrium Reactions of Diacetone Alcohol and Mesityl Oxide in Phosphoric Acid Media 
equilibrium soln" 

initial soln mo concn, % of total 
organic compd H3PO4 expt 

no. series concn, wt % temp, "C for A or B av b",:(da), a, K,d 
1 A* 8.60 25 5.19 5.25 0.0553 0.981 0.0544 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

B' 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 

8.60 
17.2 
17.2 
25.8 
25.8 
34.4 
34.4 
51.6 
51.6 
68.8 
68.8 
76.5 
76.5 
85.2 
85.2 
17.2 
17.2 
17.2 
17.2 
17.2 
17.2 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
39.7 
39.8 
55.1 
54.8 
70.1 
69.2 

5.30 
5.32 
5.37 
5.52 
5.49 
5.98 
5.90 
7.10 
7.14 

13.67 
14.07 
22.54 
22.97 
47.04 
45.23 
8.70 
8.68 

13.15 
12.97 
18.03 
16.96 

5.35 

5.51 

5.94 

7.12 

13.87 

22.76 

46.14 

8.69 

13.06 

17.45 

0.0565 

0.0583 

0.0632 

0.0767 

0.161 

0.295 

0.857 

0.0956 

0.1485 

0.2114 

0.956 

0.920 

0.869 

0.697 

0.412 

0.239 

0.102 

0.956 

0.956 

0.956 

0.0540 

0.0536 

0.0549 

0.0535 

0.0663 

0.0705 

0.0874 

0.0914 

0.1420 

0.2021 

"Reactions were started by adding 5 mL of either diacetone alcohol or mesityl oxide to 495 g of phosphoric acid solution. *Reaction 
starting with 0.93 wt % diacetone alcohol (da). CReaction starting with 0.96 wt % mesityl oxide (mo). d K e  = (mo),a,/(da),. 

identified by its infrared absorption pattern. The object of this 
study was to determine the equilibrium kinetics of the hydration 
and dehydration reactions involving mesityl oxide and diacetone 
alcohol over a wide range of phosphoric acM concentration and 
at different temperatures. The effect of concentration of the 
organic reactant in the acid media at 25 OC also was deter- 
mined. 

Experlmental Section 

Reagent-grade diacetone alcohol and mesityl oxide were 
redistilled, and reagent-grade phosphoric acid was used without 
further purification. Acid of the desired concentration was 
preequilibrated In a water bath (f0.2 OC), and the specified 
amounts of diacetone alcohol or mesityl oxide were added to 
the acid while stirring. In  each kinetic experiment 495 g of 
phosphoric acid solution and 5 mL of either diacetone alcohol 
(series A) or mesityl oxide (series 6) were the starting solutions. 
The phosphoric acid concentration ranged from 8.6 to 85.2 wt 
% at 25 OC, while the concentration at 17.2% H3P04 was used 
to study the temperature effect from 25 to 70.1 OC. A small 
portion of the reacting solution was removed after various 
times, and the reaction was quenched by dilution with water. 
The measurements were terminated and the system was COW 
sidered at equilibrium when the ultraviolet absorption readings 
did not change for a period of 24 h. 

The concentrations of dlacetone alcohol and mesltyl oxide 
were determined by the ultraviolet absorbance of the diluted 
sample by using 1-mm depth in a variable path length cell of 
a Cary 17 spectrophotometer. Mesltyl oxMe has a strong ab- 
sorption peak at 243 nm where E = 1.14 X lo4 (E = molar 
extinction coefficient). This extinction coefficient is in good 
agreement with previous values (1.1 1 X lo4) (8). Diacetone 
alcohol has a very weak peak at 249 nm, at which frequency 
E = 72.4. This extinction coefficient at 243 nm is reduced to 
68. 

Results and Discusdon 

The decomposition of dacetone alcohol to mesityl oxide can 
be expressed as a reversible reaction with the specific rate 

constants for dehydration and hydration being k ,  and k-,,  s-l, 
respectively. 

(CH3),C(OH)CH2COCH3 (CH3)&--clHCOCH3 + H20 (1) 
diacetone alcohol '-I mesityl oxide water 

Neither mesityl oxide nor diacetone alcohol was converted to 
acetone under the experimental conditions of these tests, as 
had been reported under extreme conditions ( 7 7). Therefore, 
the compounds involved in this study are mesityl oxide, di- 
acetone alcohol, phosphoric acid, and water. The activity of 
water influences the hydration rate and the equillbrium constant 
since water is a reactant in the hydration reaction and a product 
in the dehydration reaction. This effect can be significant at 
high acid concentrations where the activity of water changes 
significantly; this has been observed in the hydration rate of 
esters (72) and acid-catalyzed isomerization (73) in sulfuric 
acid. 

The expression 

was used to calculate the equilibrium constant, K,, from the 
analysis of the equilibrated solutions, where it was assumed that 
the activity coefficients of mesityl oxide and diacetone alcohol 
are the same because of their similar structure. The concen- 
trations of mesityl oxide (mo) and diacetone alcohol (da) were 
measured from the absorbance at 243 and 249 nm, respec- 
tively, by solving the two absorption equations for the two 
concentrations: the sum of the two concentrations was 
checked with the initial total input concentration of organic 
compounds in each experiment. The activity of water (a w) was 
taken from Elmore et al. (74). The results (Table I) are in good 
agreement with respect to the percent of total organlc material 
as mesttyl oxide in the equilibrated solution, regardless of which 
material was the starting compound. The data indicate that the 
solutions had reached an equilibrium state (column 5, Table I); 
the equilibrlum constant (K,) was determined from the average 
of the equilibrium compositions for the A and B series where 
the starting compound was dlacetone alcohol and mesltyl oxide, 
respectively, and is shown in Table I (column 9) and Figure 1. 
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Table 11. Kinetics of the Equilibrium Reaction of Diacetone Alcohol and Mesityl Oxide in Phosphoric Acid Mediaa 
exDt no. HIPOl concn, % temp, O C  1OBk,, s-l hkl, 5% lo%-,: a-1 A k - I ,  % K.b AK,, % 

~ 

1, 2 8.6 25.0 1.951 0.59 35.13 0.36 0.0555 0.69 
3,4 17.2 25.0 4.710 0.54 84.90 0.40 0.0555 0.67 
5, 6 25.8 25.0 9.146 0.50 164.5 0.37 0.0556 0.62 
7, 8 34.4 25.0 16.77 0.36 299.2 0.30 0.0561 0.47 
9, 10 51.6 25.0 47.95 0.90 855.7 0.30 0.0560 0.95 

13, 14 76.5 25.0 183.3 0.85 2835 0.93 0.0647 1.26 
15, 16 85.2 25.0 263.5 0.90 3300 1.00 0.0799 1.35 
17, 18 17.2 39.75 21.14 0.39 238.1 0.19 0.0888 0.43 
19, 20 17.2 54.95 83.15 0.66 606.5 0.35 0.137 0.75 
21,22 17.2 69.70 295.9 0.86 1382 0.88 0.214 1.23 

a Reactions were started by adding 5 mL of either diacetone alcohol or mesityl oxide to 495 g of phosphoric acid solution. Both starting 
materiale were used at each acid concentration. *The units of k-, are listed as s-l because the bimolecular reaction becomes pseudo first 
order at constant water activity and the activity of water, a,, in the reaction medium is referenced to pure water with an activity of unity. 
The second-order value of k-, in kn.mo1-'.a-1 can be obtained bv dividing these values by 55.51 mol-kg-l. Similarly, the value of K, in mol-kg-' 

11,12 68.8 25.0 130.3 0.56 2171 0.65 0.0600 0.86 

is obtained by multiplying the listed values by 55.51. 

The equilibrium constant also is defined as the ratio of the 
specific rate constants, K, = k l / k - l .  Starting with dlacetone 
alcohol, the rate of production of mesityl oxide can be ex- 
pressed as 

(3) d(mo)/dt = k ,(da) - k-,(mo)a 

The rate of production of diacetone alcohol when mesityl oxide 
is the starting material is 

d(da)/dt = -k I(&) + k-10" (4) 

We let a = (mo)/(mo),, e.g., the fraction of mesityl oxide 
formed at time t with respect to the equilibrium concentration 
when diacetone alcohol Is the Starting solution; and B = 
(&)/(de),, which similarly expresses the approach to equilibrium 
when mesityl oxide is the starting solution, where (mob and (da), 
are the equilibrium concentrations of mesityl oxide and di- 
acetone alcohol, respectively. 

We also assume that the activity of water (a w) Is constant 
for a particular experiment since the concentration of organlc 
matter was less than 0.1 m in the kinetic studies and other 
components are constant. The actMty of water was calculated 
as the ratki of the partial pressure of water over the phosphoric 
acid solution to that of pure water at the same temperature 
(74). The activities of water In the system organlc matter- 
H3P0,-H20 were calculated from those of the system H3P- 
0,-H,O by using Raoult's law. 

On Integration, eq 3 and 4 become 

in [Mk l / (Mk l  - Ca)] - Ct = 0 (5) 

In [Nk-, / (Nk_, - CB]  - Cf = 0 

where 

Solving for a and #? we obtain 

a = (Mkl/CX1 - e-a) 

/3 = (Nk-,/Cx1 - e-a) 

(7) 

(8) 

Equations 5-8 were used to calculate the values of k and 
k-l  by a nonlinear, least-squaring procedure using a,t or &t 
measurements. Examples of kinetic data are presented In 
Figures 2 and 3 and complete experimental kinetic data are 
provided in the supplementary material (see paragraph at end 
of text regarding supplementary material). The four values of 
kl and kVl from the four evaluation methods of eq 5-8 were 

= 0.08 
2 8 0.071 

I \n 

O I L  I I I I I 
0 2 5  3 0  0 5  10 1 5  2 0  

TIME, h 

Fl@ura 2. Effect of concentration of HpO, on rea& of mesityl o x b  
at 25 O C  (numbers on cuves denote H,W, concentration in percent). 

averaged by weighting each value with the reciprocal of the 
square of its error to obtain the values shown in cdumns 4 and 
6 of Table 11. The errors associated with these averages were 
determined (75) and are shown In columns 5 and 7 of Table 
11. The values of the equilibrium constant, K, = k l /k - , ,  and 
their errors are glven In columns 8 and 9 of Table 11, the errors 
being obtained by the law of propagation (75). The excellent 
agreement between the equilibrium values (KO from Table I and 
K, from Table 11; Figure 1) at different temperatures and 
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Table 111. Activation Parameters at 17.2% HIPOI" 
reaction AE', cal/mol A, s-l AH*: cal/moi AS': eV 

dehydration (k,) 18755 i 105 (2.69 f 0.49) X lo8 18174 * 105 -16.37 i 0.02 
-32.93 i 0.30 

equilibrium ( K )  6048 i 55 (1.49 i 0.14) X lo3 5546 i 55 -44.32 i 0.20 
(1.66 i 0.22) x 105 12076 * 81 hydration (k-,) 12668 i 81 

"Calculated by using least-squares method. bEnthalpy of activation (AH*) and entropy of activation (AS') a t  25 "C. 

Table IV. Equilibrium in the System Mesityl Oxide-Diacetone Alcohol-Phosphoric Acid-Water at 25 "C 

final soln initial soln 

mo concn, % of expt concn, wt % concn, mol/L 

no. HaPo, daa mob da" mob total organic compd (mo),:(da), a, K,' 
41 15.98 .17.65 0 1.602 0 11.1 0.125 0.931 0.116 
42 30.49 15.25 0 1.602 0 12.6 0.145 0.883 0.128 
31 42.43 15.62 0 1.602 0 13.8 0.159 0.822 0.131 
43 53.49 14.77 0 1.602 0 16.1 0.191 0.727 0.139 
48 54.12 0 13.77 0 1.748 18.6 0.228 0.724 0.165 
32 63.42 14.01 0 1.602 0 18.4 0.225 0.619 0.139 
35 64.12 0 13.05 0 1.748 20.9 0.264 0.615 0.162 
44 72.37 13.32 0 1.602 0 20.0 0.250 0.505 0.126 
49 73.13 0 12.41 0 1.748 22.8 0.293 0.501 0.147 
33 75.34 11.89 0 1.602 0 26.3 0.356 0.372 0.132 
36 81.29 0 11.82 0 1.748 29.5 0.418 0.370 0.155 
51 60.94 3.27 0 0.401 0 10.8 0.121 0.537 0.065 
56 61.10 0 3.02 0 0.437 12.0 0.136 0.537 0.073 
52 57.74 6.65 0 0.801 0 12.8 0.146 0.566 0.083 
57 59.12 0 6.16 0 0.894 14.4 0.168 0.565 0.095 
53 49.42 21.56 0 2.403 0 23.0 0.300 0.649 0.195 
58 50.26 0 20.21 0 2.621 27.2 0.374 0.643 0.240 
54 44.13 29.95 0 3.200 0 30.0 0.428 0.672 0.288 
59 45.19 0 28.27 0 3.496 34.3 0.523 0.663 0.347 
55 38.38 39.07 0 4.005 0 35.7 0.555 0.663 0.368 
60 37.66 0 37.15 0 4.369 42.5 0.740 0.650 0.481 

" Diacetone alcohol. Mesityl oxide. K, = (mo),a,/(da),. 

I I I I I I I I 

 IO-^ - 

z1 
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v) 
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z 
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TIME, h 

n(luu 3. Effect of temperatwe on reaction of mesityl oxide in 17.25% 
H,P04 (numbers on curves denote temperature in degrees Celsius). 

phosphork acid concentrations indicates the validity of the data 
and its interpretation. 

The equilibrium constants at low concentrations of organic 
matter remalned essentially constant as the concentration of 
phosphoric acid was increased up to 50 % , but the values 
graduaky increased at the hi@wr acid concentrations (Figure 1). 
fhe values of k ,  and k-,  increased as the acid concentration 
increased, and the kxxeases are parayel to each other to 50% 
phosphoric acid. The increase of the reaction rates with in- 
creasing acid concentration indicates that the acid acts as a 
promoter of the reaction in both directions. However, k-,  ap- 
peared to approach a plateau faster than did k ,  at very high 
concentrations of phosphoric acid (Figure 4). 

The effect of temperatwe on k , ,  k-,,  K,, and K,  in 17.2% 
H3P04 was studied in the range 25-70 OC (Tables I and 11). 

H3P04,  % 

Flgure 4. Effect of &PO4 concentration on rate constants and in the 
system H90-H3P04-mesftyl oxlde-dhcetone alcohol at 25 O C  (organic 
concentration <0.1 m). 

The activity of water in the acid was assumed to be inde- 
pendent of the temperature. The activation energy, E * ,  call 
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The effect of the concentration of initial diacetone alcohol or 
mesityl oxide on the equilibrium constant at 25 OC was s tud i i  
over a range of acid concentrations. The experimental con- 
ditions and results are summarized in Table I V  and Figure 6. 
In evaluating the equilibrium constant at different acid con- 
centrations, we used the water activity data of Elmore et ai. 
(74) for the system H,O-H,PO,; and this was modified further 
by Raoutt’s law for the mole fraction of the organic material. 
The increase of the equilibrium constant with increasing con- 
centration of organic material may indicate that the activity 
coefficbnts of mesityl oxide and dlacetone alcohol at equilibrium 
in phosphoric acid solution are not constant under the conditions 
studied. Another possibility is the formation of a complex 
compound between mesityl oxide and phosphoric acid. This 
assumption is partly verified by our tests that show the complete 
extraction of mesityl oxide by CCI, from dilute phosphoric acid 
solution and the incomplete extraction from concentrated 
phosphoric acid or from higher mesityl oxide solution where K 
is larger than 0.055. This result may be due to different dis- 
tribution coefficients of the postulated complex compound and 
of mesityl oxide between the phosphoric acid and CCI, phase. 

In  conclusion, the kinetic and equilibrium data of the acid- 
catalyzed dehydration and hydration reactions between di- 
acetone alcohol and mesityl oxide in wide ranges of phosphoric 
acid concentration were obtained. The data suggest that the 
reaction mechanism is first order relative to the organic reac- 
tants and is consistent with several mechanistic interpretations 
proposed by earlier workers (9, 73, 77, 78). However, the 
reversible hydration mechanism suggested by Jensen et ai. (77) 
may be the most plausible one where the ratedetermining step 
is the proton removal or addition step because our results fit 
very well with the model if the activity of water in the medium 
Is considered. 

- k I  \ 

I I I 
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Flgur 5. Effect of temperature on rate and equilibrium constants in 
17.2% H,W, (organic concentratbn <0.1 m). 
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Figure 6. Effect of initlai concentration of organic compounds on 
equiWbrium constants at 25 “C. 

mol, and the frequency factors, A,  s-‘, were evaluated from 
the linear relatbnship of the Arrhenius pkts (Figure 5); and other 
activation parameters were derhred from the activation energy, 
frequency factor, and calculated k values (76) and are listed 
in Table 111. 

R.gktry No. Mesityl oxide, 141-79-7; dlacetone alcohol, 123-42-2. 
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