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The kinetics of hydrolysis of urea has been studied
in 0.5 to 3.0 mol dm~? sodium hydroxide solution at
different temperatures. Urea hydrolysis follows an
irreversible first order consecutive reaction path:

k o k O
urea ﬁ* cyanate —2*-» NH, + CO,

3

The variatiom of k,,, with [alkali] is linear. at
[OH"]=5.0 to 1.5 mol dm~3, thereafter a sharp in-
crease in the reaction rate is observed for first step
hydrolysis of urea. The second step rate constant
(ko) 1s found to be independent of [alkali]. Hydroly-
sis of urea in alkaline medium follows an elemination-
addition mechanism. The reaction does not proceed
through the formation and decomposition of tetrahe-
dral intermediate. Sodium cyanate hydrolysis obeys an
irreversible pseudo-first order kinetics. [OH~] has no
significant effect on the rate constants. The following
rate equations have been derived for the two step hy-
drolysis of urea.

ki[OH ](k; + k;[OH ™))
k_+ky+k;JOH ]

Kioss = ko +

Kagps = k2 Ky

On the basis of observed data, probable mechanisms
have been proposed.

Agriculture and biological importance of urea is
well known. Hydrolysis of urea' occurs in acidic,
neutral and alkaline media and in the presence of
enzyme urease giving ammonia and carbondi-
oxide. The hydrolysis of urea has been studied by
Lynn? in 1.0 M to 2.0 M sodium hydroxide solu-
tion, who showed that the basic ureolysis is a sim-
ple pseudo-first order reaction. The concentration
of ammonia was estimated after a time sufficient
to allow the hydrolysis of any cyanate which

formed during the hydrolysis of urea. Though the
mechanism had been given, neither rate determin-
ing step had been defined nor rate expression had
been given. The alkaline hydrolysis of urea was
not a simple first order reaction and required
much more kinetic studies. Therefore, the kinetics
of the reaction has been studied in alkaline medi-
um with the aim to establish the consecutive na-
ture as well as mechanism of two step hydrolysis
of urea. The rate constants of the consecutive
steps have been calculated using Swain equation®.
In support of the mechanism of ureolysis, basic
hydrolysis of cyante was also described in the
note.

Experimental

Urea (BDH), sodium cyanate (Fluka) and sodi-
um nitrate (E. Merck) were used as such. The
stock solution of carbonate free sodium hydroxide
(E. Merck) at about 17 mol dm™* was prepared
and diluted to the required concentrations using
doubly distilled water. All other reagents were of
reagent grade. Nessler’s reagent was prepared by
literature method.

Hydrolysis of urea was carried out under two
different conditions.

(i) Estimation of ammonia—A two-necked flask
containing sodium hydroxide and potassium nitr-
ate (used to maintain the ionic strength) was ther-
mostatted in an oil bath whose temperature was
maintained within 0.1°C. Urea solution was then
added and the évolved ammonia was flushed out
by passing a continuous current of nitrogen gas
and was absorbed in hydrochloric acid and then
estimated at regular time intervals spectrophotom-
etrically by nesslerization®.

(ii) Estimation of unreacted [urea]—The con-
centration of urea was estimated by taking out ali-
quots at regular time intervals, neutralising it with
standard acid solution after cooling, adding 4.0 ml
of 50% H,SO, and 2.0 mu of working diacetyl
monoxime solution in reaction after heating for
ten minutes in boiling water bath and measuring
the absorbance of the developed pink colour at
500 nm. Concentration of unreacted urea was es-
timated from standard plot of absorbance versus
urea solutions of known concentrations ranging
from 5.0x10"°mol dm™3* to 35.0% 107 mol
dm™3. This carbamido diacetyl reaction does not
give any colour with cyanate or ammonium ions.
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Table 1—Activation parameters for the hydrolysis of urea and sodium cyanate

Reaction AG™? AH"
(kJ mol ") (kI mol~')
ureakib‘fmcé 112.38 60.72
(110.00) (56.86)
NCO Kaete . NH, 108.01 52.53
(108.32) (49.67)

-AS* E, In A
(K-1Tmol~') (kImol~1) s~")
14231 63.73 9.44
(146.39) (59.58) (8.94)
153.41 55.34 8.09
(161.57) (52.68) (7.11)

AG?™ calculated at 363K. Parantheses values are for the estimation of urea concentration and sodium cyanate hydrolysis re-

spectively.

Hydrolysis of sodium cyanate in alkaline medi-
um was also carried out under similar conditions
as those for urea hydrolysis (estimation of ammo-
nia).

Results and discussion
The basic hydrolysis of urea follows a two step
reaction paths.

k
Urea— NH;+B
ky
B— NH3 + COZ

where B stands for cyanate. For this reaction, the
concentration of ammonia is related with time by
Eq.(1).

ki =2k, e—klr

k 1 kz

e kl — kit
[kl = kz) ¢ ]

where k; and k, are the pseudo-first order rate
constant and A, is the initial concentration of
urea.

On making of substitution,
¢=[NH,;]/Ay—2; 0=k, tand p = k,/k,
Eq. (1) converts to Eq. (2).

g(po—1)=eP°—(2p—-1)e"° ... (2)

Equation (2) can be solved® if the value of 6 is
guessed since the value of @ and the error, &, can
be closely approximated from Eq. (4)

60=6,+¢

[NH;]= Ao[z T (

. (1)

. (3)

_#lo—1)+(2p—1)e """
(20—1)e *—pe ™

- (4)

&

We have determined values of ¢ using Eqs (3)
and (4) using computer program (FORTRAN IV)
at a given p and at different time intervals from
the value of [NH,] for a given set of reactions.
The ratios of consecutives values of 0 ie., 6,/6,,
0,/ 6;, 6,/6,.... along the corresponding ratio of
time (t,/t,, L,/t;, L;/1,....) were calculated. More-
over the various trial values of p were introduced
and the best value of p was selected at which the
difference between the sum of squares of ratios of
6 and sum of squares of ratios of time was found
to be minimum.

The effect of [OH~] on hydrolysis of urea was
studied by carrying out a series of kinetic runs
within the [OH™] range of 0.5 mol dm~? to
3.0 mol dm~3 at 363 K. The reaction rate was
found to be linear at low [OH™] (0.5-1.5 mol
dm~3) and a sharp increase in the reaction rate
was also observed at high [OH~]. From these re-
sults it is clear that the variation of Ky, with
[alkali] obeys Eq. (5).

Kiobs =By + B, K, [OH™] . (8)

where B, and B, are the empirical constants. The
rate constants of second step hydrolysis (k;)
was found to be independent of [alkali].

The rate constants were found insensitive to
ionic strength. Studies were carried out at differ-
ent temperatures and activation parameters, eval-
uated using Arrhenius and Eyring equations with
linear least squares techniques, are given in
Table 1.

The rate of the non-enzymatic degradation of
urea in aqueous medium was independent of pH
between 2.0 and 12.0. The reaction rate dec-
reased below pH 2.0 and increased above
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NZH-E-NH2+H20—°.-HNCO+NH3+H20

HyN - -NH, + OH

o

= k _ _
HN - C-NH, L TG
OH
«©)

®)

H,O

o\, o i

0 + OH + NH, §

NCO + H,0
Scheme 1(Step 1)

§=c=o+n.zo~—-.':‘wuzn-g-6

uln-g‘6+nzo:27.pnng+coz+oﬁ

Scheme 2(Step 2)

pH 12.0. It has been demonstrated that at pH 7,
13 and 14 the hydrolysis of urea is an elimination
reaction which gives ammonia and cyanic acid.
The fall off reaction rate below pH 2.0 is due to
the protonation of urea and the dependence of
rate on [OH "] above pH 12.0 is ascribed to base
catalysis of the elimination reaction.

The mechanisms consistent with the observed
results for both the steps of hydrolysis of urea
have been given in Schemes 1 and 2.

The usual mechanism of alkaline hydrolysis of
amides’® that involves acyl oxygen fission by the
addition of hydroxide ion to the carbonyl carbon
to form tetrahedral intermediate followed by its
decomposition to give products (ammonia and
CO,) may be applied for urea hydrolysis. But the
mechanism does not suitably explain the forma-
tion of cyanate ion from tetrahedral intermediate.
The mechanism presented in Scheme 1 has been
adequately supported by a variety of models>® ex-
plaining cyanate formation as a stable intermedi-
ate. The mechanism for the second step hydroly-
sis of urea (cyanate hydrolysis) involved addition
of water molecule to cyanate ion as rate deter-
mining step. The carbamic acid formed as an ad-
dition product is unstable and readily decomposes
to ammonia and carbon dioxide. Therefore, com-
plete hydrolysis of urea in alkaline medium oc-
curs by an elimination-addition mechanism.

On the basis of the proposed mechanism rate
Eqs 6 and 7 have been derived for the two step
hydrolysis of urea

ki[OH" (ks + k;[OH " ])

k k_,+ky+ k;[OH |

=k, +

labs

. (6)
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and
Kons = K2 Ky,
Equation (6) is similar to Eq. (5) with
B, =k,
and
_ (ke +kfOH )
* k_,+k,+kOH |

These equations indicate that rate constant (k,,,,)
for the first step hydrolysis of urea is dependent
on [OH | and k,,, (second step hydrolysis) is in-
dependent of [OH " | and confirm the observed re-
sults and proposed mechanism. At low [OH ] the
rate of formation of dianionic species (c) is very
slow and the reactive intermediate (b) is directly
converted into the products. There, k,> k,
[OH | and Eq. (6) reduces to

k, k,JOH ]
= + — -
klnbs kl‘! k—l i k4

. (8)
The value of k, obtained from the intercept of
the plot of k, versus [OH " ]is 2.0 %X 10 * min~ .
At high [OH" ]| (>1.5 mol dm?) the rate of
formation of dianionic species (c) becomes quite
fast in comparison to the decomposition of (b) to
the products. This is quite resonable to suppose
because the existence of a dianionic intermediate
has been observed only in strong alkaline medi-
um. Therefore, k;[OH |> k, and k, can also be
neglected at higher [OH "~ |. Equation (6) which re-
duces to Eq. (9) may be rearranged as Eq. (10).

_ _kk[OH T
tobs g, + ks[OH ]

e

. (9)

OHT]_ 1, k.,
kh:h% kl kl kﬂ-[OH-]

... (10)

According to Eq. (10) the plots of [OH ]/ ks
versus 1/[OH "] should be linear. This has been
found to be the case. k; calculated from the inter-
cept of such a plot is 9.52 % 107* min~'. Devi-
ations from the linearity are observed at lower
and higher [OH | in conformity with the suggest-
ed mechanism.

The hydrolysis of urea was studied separately
by estimating unreacted urea to confirm the kinet-
ic observations for the first step of the reaction.
The pseudo-first order rate constants were calcu-
alted by varying initial [urea], temperature and
[OH"]. Thermodynamic parameters are given in
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Table 2—Concentration dependence of k., and k,,, for
hydrolysis of urea and sodium cyanate

[NaOH]=1.00 motdm 3, u=0.05 mol dn 3, temp. = 363K

Ureolysis Sodium cyanate
hvdrolysis
[Ay] 10 Ky gps 10° Ky 10° ki,
mol dm * (min~1) (min~') (min~')
0.002 6.081£0.01 3.28+10.02 2.15£0.02
0.004 6421001 2.18%£10.02 2.17 £0.02
0.006 5.13+£0.02 2.62+10.01 2.1510.03
0.008 505+0.04 2.12110.02 1.92 £ 0.04
0.010 5432001 2.06%10.01 2.00£0.02
0.012 5411002 21411003 2.03+0.01

Table 1. The experimental data fit the empirical
Eq. (6) which was found for first step of ureolysis
by estimating ammonia.

To confirm the mechanism of second step hy-
drolysis of urea, kinetics of hydrolysis of sodium
cyanate was also carried out under the indentical
conditions as those for urea hydrolysis (estimation
of ammonia). These results are compiled in
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Tables 1 and 2. This study provides an additional
support to the observed kinetic data of second
step of the ureolysis. Hydrolysis of sodium cyan-
ate follows a simple pseudo-first order reaction
kinetics. The observed rate constants were found
in close agreement with k., obtained from ureo-
lysis (Table 2). The rate constants were found to
be independent of [alkali] concentration. Rate Eq.
(7) has been derived on the basis of mechanism
for the second step of ureolysis. Sufficiently large
negative value of the entropy of activation indi-
cates that the transition state involved in the criti-
cal rate-determining step is more polar than the
reaction state. '
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