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Oxidation kinetics of formic acid with aqueous hydrogen peroxide (30-70%) has been studi€€ at
with 0-0.1m H,SO, as a catalyst. A kinetic model has been suggested which satisfactorily des
the oxidation process of formic acid to peroxyformic acid.
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Aliphatic peroxyacids are obtained by oxidation of the corresponding carboxylic
with agueous hydrogen peroxide. The reaction takes place at 20-iiCthe presence
of mineral acids such as,B80,, H;PO, or sulfonated styrene—divinylbenzene ¢
polymers—

+

RCOOH + HO, ——= RCOOOH + D A

It is presumedthat the rate-limiting step consists in a nucleophilic reaction of
RC*(OH), or RC'(OH)(OOH) species with the J&, or H,0 reagents, respectively.
The processes usually are continuous and the peroxyacid formed is either se
from the reaction mixture by extraction with organic solV&fitsr used directly as ar
oxidant in the form of the peroxyacid—acid mixture.
The aim of the present work was to study the oxidation kinetics and hence sug
model describing the oxidation of formic acid into peroxyformic acid.

EXPERIMENTAL

Reagents

The solutions of hydrogen peroxide with concentrations from 32 to 70 wt.% were prepared by ¢
rating water from the commercial,8, (32 wt.%) from a water bath. The commercial formic ac
(99%) was used without purification.
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Apparatus

The kinetics of formation of peroxyformic acid was studied in a glass through-flow stirred react
40 cn? volume. Hydrogen peroxide and a mixture of HCOOH ap8® were dosed into the reacto
by means of peristaltic pumps. The inlets gfblland HCOOH-HSO, mixture were placed near the
stirrer axis. The reactor was located in a thermostat with water bath. The reaction mixture I
reactor by overflow. All the components of the apparatus in direct contact with the reaction m
were made of glass and Teflon. After reaching the required temperature and putting the wh
paratus into operation, the reactants started to be dosed into the reactor. After reaching the
state (ca 3—4 h), samples of the reaction mixture were taken for analyses.

Analysis

The samples of reaction mixture were analyzed fgdHcerimetry) and HCGH (iodometryy. The
values obtained represent the stationary concentrations of hydrogen peroxide and peroxyforn
in the reaction mixture.

RESULTS AND DISCUSSION

The kinetics of reaction of hydrogen peroxide and formic acid giving peroxyfor
acid and water was studied in a through-flow stirred reactor using the 1 : 2.67 |
ratio of the above-mentioned reactants without any solvent at the temperaturdCof .
The formic acid introduced into the reactor was concentrated (99%, i.e. 26.24 Mol
Using various retention times, we introduced the hydrogen peroxide of the conc
tions varying in the interval from 32 to 70 wt.% (10.5 to 29.8 mot3}inthe catalytic
sulfuric acid having the concentrations from 0 to 0.1 mot%dmthe reaction mixture.

The highest outlet concentrations of peroxyformic acid were obtained with the L
70 wt.% hydrogen peroxide and at the sulfuric acid concentration of 0.06 méindn
the reaction mixture, the inlet flow-rate of reactants being 0.02ZhdmThe results
depicted in Figs 1-5 show that the formation of peroxyformic acid is favourably
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fected by increasing concentration of both the inlet formic acid and the inlet hydr
peroxide. At such conditions, minimum amounts of water (water suppresses the f
tion of peroxyformic acid) are introduced into the system. The results indicate t
lower dosing rate of inlet reactants (i.e. their longer retention time in the reactor) ¢
increasing decomposition of hydrogen peroxide. The lowering of hydrogen pert
concentration due to its increased decomposition in the reaction mixture affects
vourably the formation of peroxyformic acid, hence a lower concentration of per
formic acid is observed at the outlet of the reactor. At higher dosing rates of reac
the reduced reaction time affects the conversion of formic acid but slightly, whi
connected with the establishing of equilibrium of formation of peroxyformic acid a
experimental conditions.
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Dependence of concentration
(mol dnT®) of hydrogen peroxide 2 | g
(1) and peroxyformic acid4d) on
volume rateF/V (h%). Conditions:
45 °C, inlet concentrations of com- 1 | J
ponents: [HO,] = 4.89 mol dm®, 2—.._._-_._._._.—.
[HCOOH] = 13.1 mol dm® L
[H,SO,] = 0 mol dni®. Solid line — ‘ , ‘
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Dependence of concentration
(mol dn®) of hydrogen peroxide
(1) and peroxyformic acid4d) on
volume rateF/V (h™Y). Conditions:
45 °C, inlet concentrations of com-
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ponents: [HO,] = 4.89 mol dm® 0——2——F —o- —@ @
[HCOOH] = 13.1 mol drf,

[H,SO,] = 0.06 mol dm°. Solid line 0 : : :

— calculated values (MODEL 1) 0.4 06 -y 0.8
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The presence of sulfuric acid in the reaction mixture increases the overall conc
tion of hydrogen ions, which in particular affect the decomposition of hydrogen pe
ide and peroxyformic acid. As it can be seen from the results the increasing st
acid concentration in the reaction mixture accelerates the decomposition of hyd
peroxide. The dependence of formation of peroxyformic acid on the sulfuric acid
centration shows an indistinct maximum at the sulfuric acid concentrations from 0.
0.06 mol dm?®,

For kinetic treatment of the experimental data, various models were suggestt
scribing the processes of formation and decomposition of peroxyformic acid and t
decomposition of hydrogen peroxide. All the models presume complete dissociat
sulfuric acid, the total concentration of hydrogen ions involving also the protons

1
4 L i
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(mol dnT®) of hydrogen peroxide
._2_.“*.‘.__. (1) and peroxyformic acid4d) on
2r 1 sulfuric acid concentration }$0,]
(mol dnT®) in the reaction mixture.
Conditions: 45°C, inlet concentra-
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mol dn3, [HCOOH] = 19.2 mol
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ing from the dissociation of formic and peroxyformic acids. The individual mot
differ in the reaction orders with respect to formic and peroxyformic acids and i
extent of catalytic effect of Hions on the formation and decomposition of peroxyf
mic acid and hydrogen peroxide. The best agreement between the measured anc
lated data was achieved by adopting the following chemical and kinetic equation:

ke
H,O, + HCOOH HCOOOH + J@ (3)]
ko
HCooOH CO + HO ©
3
H+
0, —— HO + O (D)
The rate equations:
r, = (k; ¢(H,0,) c(HCOOH) —k, c(H,0) c(HCOOOH))c(H") (@0}
r, = kg c(HCOOOH)c(H*) (2
r3 = k; ¢(H,0,) ¢(H,0;) c(H") . ©)

The starting data for the calculation of rate constants involved the following:

— the reactor volume

— the dissociation constants of HgDand HCQH (1.68 . 10*for both)

— the reaction mixture flow rate

— the inlet and outlet concentrations of components.
The presumptions involved a constant volume flow rate of reaction mixture and a
tor with perfect stirring. The rate constakjsi = 1, 2, 3, 4, were determined by min
mizing the sum of squares of deviations of measured and calculated concentratsi
hydrogen peroxide and peroxyformic acid at the reactor outlet. The procedure a
ing to ref!®was applied to find the minimum of objective function and to evaluate
error of assessment of parameters and the correlation of parameters. All the expe
tal points shown in Figs 1-5 (38 measurements altogether) were treated simultane
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The calculated rate constants (MODEL 1) are as follows:
k, = 1.00% 0.49 dnf mol2h

k,= 2.68% 1.57 dnfmol?h

k;=0

k,= 0.29+ 0.04 dnf mo2ht,

The indicated error in determination of the parameters applies to the confidence
val of 95%. From Figs 1-5 it can be seen that the kinetic model suggested leac
good agreement between the experimental and calculated values.

The relatively large error in the estimation of paramekgrand k, in MODEL 1
results from large correlation of these parameters (the coefficient of mutual corre
is 0.993). Therefore, we adopted a kinetic model taking the reacBdrsid/or &) as
equilibrium ones (MODEL 2) and we tried to find the value of the respective ec
brium constantk(A) and rate constant of reactioD®)(with rate equation3) — the
kinetic constank,. The following values were found for MODEL 2:

K(A) = k/k, = 0.32+ 0.03
k,= 0.29+ 0.04 drf mol2h?.

Like in the case of application of MODEL 1, in this case too the value of rate con
of decomposition of peroxyformic acid turned out to be statistically insignificant,
zero. The coefficient of mutual correlation of the paramekgs) and k, was 0.14,
which positively affected also the accuracy increase of determination of paramet
MODEL 2 as compared with those of MODEL 1. MODEL 2 represents an only s
worsening of description of the experiments as compared with MODEL 1: the st
residues increased from 2.59 to 3.21.

In conclusion it can be stated that in the through-flow reaction system with the r
tion times between 1 and 4 h at45 and with the concentrations of hydrogen peroxi
and formic acid equal to 2-5 and 12—-18 molmespectively, an equilibrium concer
tration of peroxyformic acid is reached (in all the cases below 2.5 no),dime de-
composition of this acid being practically negligible at the given conditions.
decomposition of hydrogen peroxide is catalyzed by acids and is relatively int
which distinctly lowers the selectivity of formation of peroxyformic acid with regarc
hydrogen peroxide (50% in average). The kinetic model described was applied su
fully to oxidation of olefins at conditions analogous to those used for the formatic
peroxyformic acid.
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SYMBOLS

Gi concentration of theth component, mol dm

k; rate constant, dfrmof2h=1

K(A) equilibrium constant of formation of peroxyformic acid
ri rate of thd-th reaction, mol dmfh?
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