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Abstract--Mn2+-exchanged montmorillonite clay, in milligramme quantities, efficiently catalyses the pro- 
duction of hydrogen peroxide from dioxygen (or air) and hydroxylamine at pH 8.0 in aqueous solution; 
concentrations of hydrogen peroxide > 0.40 mol dm -3 ( ~  1.5% w/v H202, ~ 86% based on hydroxylamine) 
in 50 min and turnover numbers [H202]/[Mn 2+] > 105 were obtained. The mechanism for hydrogen peroxide 
production in this system is discussed together with the possibilities of developing a dual system to use the in 

situ generated hydrogen peroxide to effect some organic oxidation transformations. Copyright © 1997 Elsevier 
Science Ltd 
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Hydrogen peroxide is seen as the ideal oxidant from 

an environmental point of view, producing only water 

as a byproduct. It has been estimated [1] that of the 

900,000 tonne per annum production of hydrogen 

peroxide, only 10% is used in the synthetic organic 

industry, mostly for epoxidation reactions and the 

paucity of practical applications contrasts with the 

clear environmental advantages. Solutions to the 

problems of  the activation of hydrogen peroxide 

which results in this under-use are being found [2] and 

it is envisaged that the use of  hydrogen peroxide will 

increase markedly in the coming decade. 

The oxidation of organic molecules usually requires 

the use of fairly concentrated solutions of hydrogen 
peroxide or organic peroxides (30%), but recently 

dilute solutions of hydrogen peroxide ( ~ 2 % )  have 

been used to epoxidise alkyl-substituted alkenes [3]. 

Other important potential applications in the gen- 
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eration of dilute solutions of hydrogen peroxide from 

air or dioxygen in aqueous solution include the for- 

mulation of liquid laundry detergents and the dis- 

infection of process waters and water used for air- 

conditioning etc. The in situ generation of hydrogen 

peroxide has additional environmental advantages in 

terms of the transport, storage and handling problems 

associated with hydrogen peroxide. 

There has been a number of reports of the pro- 

duction of hydrogen peroxide by reaction of dioxygen 

and transition metal ions or complexes, although in 

the majority of  these systems the peroxide rapidly 

disappears by further reaction or catalytic decompo- 

sition. In the presence of a reducing substrate, cata- 
lytic production of hydrogen peroxide is possible. 

Thus, it has been shown by one of us that man- 

ganese( I I ) /4 ,5 -d ihydroxybenzene- l ,3 -d i su l fona te  

(Tiron) provides an efficient homogeneous catalyst 

for the reduction of dioxygen to hydrogen peroxide 

with hydroxylamine in the pH range 7.5-8.6 [4]. Per- 

oxide concentrations greater than 0.20 mol dm-3 and 
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turnover numbers [H2Oz]/[Mn 2+] > 10 4 were 

obtained. Unpublished data suggest that the overall 

process can be represented as follows : 

O2(ai r )+2NH2OH = H z O 2 + N 2 + 2 H 2 0  (1) 

Preparation of  modified clay 

Sodium bentonite (MPS- 1), a montmorillonite sup- 

plied by Volclay, was dried for several hours at 105°C 

and then cooled in a desiccator. A 5% (w/v) sus- 

pension of the clay (20 g) in a 0.1 M aqueous solution 

of MnC%'4H20 was stirred overnight, the super- 

natent liquid discarded and the clay washed several 

times with distilled water. The clay was isolated by 

centrifugation and again washed with distilled water 

until all the excess MnC12 had been removed (tested 

with AgNO3). The Mn2÷-exchanged clay was dried 

(as before) and then crushed and powdered and sieved 

through a 500 micron mesh. Analysis of both Mn 2+- 

exchanged clay and sodium bentonite for manganese 

content was achieved by ICP with XRD being used 

to provide basal spacings data. 

Hydrogen peroxide production and analysis 

Accurately weighed portions of the clay were added 

to a Dreschel bottle (in a water bath) containing de- 

ionized water (100.0 cm 3) containing ACS grade 

NH2OH'HC1 (0.5 or 1.0 mol dm -3) and Tiron 

(6x10  -4 mol dm-3), buffered using 4-(2-hyd- 

roxyethyl)-l-piperazinepropanesulfonic acid (EPPS, 

0.1 mol dm -3) to pH 8.0 using semiconductor grade, 

carbonate-free aqueous NaOH. A good supply of 

dioxygen from a cylinder or air via a vacuum created 

by a water pump were supplied to the stirred solution. 

Aliquots of the solution were removed at defined per- 

iods and analysed for hydrogen peroxide con- 

centration using the colorimetric method based on 

titanium (IV) sulfate [5,6]. A Philips UV-vis spec- 

trophotometer PU 8720 was used for colorimetric 

measurements. 

The results are shown in Fig. 1. The yields of H202 

produced with Mn2+-clay, ~ 0.23 mol dm -3 ( ~  90% 

based on NH2OH) were consistent with earlier results 

using homogeneous catalysis [4], but the rate of pro- 

duction of hydrogen peroxide, [H202]max in ~ 30 min, 
was found to be a marked improvement. With 

NH2OH (1.0 mol dm -3) and using Mn2+-clay (0.0074 

g), remarkable concentrations of H202 of ~ 0.43 mol 

dm -3 ( ~  1.5% w/v H202, ~86% based on NH2OH) 

could be obtained in only ca 50 min. 

In the absence of added clay (Fig. 1) only slow 

formation of H202 was  observed which can probably 

be attributed to catalysis by adventitious traces of 
Mn z+ [7]. With sodium bentonite, there is also a slow 

(but slightly higher) formation of H20> which pre- 

sumably results from catalysis by small quantities of 

manganese present within the clay, measured by ICP 

to be 0.15 mmol of total manganese per 100 g of clay. 

The Mn2+-exchanged clay is catalytic in milligramme 

quantities with "saturation" being observed at 

weights of exchanged clay of 5 mg (per 100 cm 3 of 

reaction solution). The amount of Mn 2+ exchanged 

in the clay was determined by ICP to be 33.95 mmol 

per 100 g of clay, corresponding to a cation exchange 

capacity (CEC) of the clay of 67.6 meq (mmol) per 

100 g, giving turnovers of  [H2Oz]/[Mn 2+] ~ 105. 

Previously "saturation" was achieved at levels of 

1 × 10 -4 mol dm -3 when using aqueous MnC12 [4], 

corresponding to a weight of manganese(II) of ca 50 

mg. This clearly shows the greater efficiency of Mn 2+ 

within the clay support to catalyse the process. This 

result can be either explained by the effect of the 

restricted two-dimensional space within a layered clay 

structure, thus allowing a greater probability for reac- 

tants to meet [8], or the effect of the reactants prox- 

imity adsorbed on the outer surface of the modified 

clay. 

X-ray powder diffraction (XRD) analysis of 

sodium bentonite (undried) and Mn2+-clay both pro- 

duced sharp peaks implying an interlayer structure 

with basal spacings (doom) of 1263 and 1281 pm, respec- 

tively. These results would give an interlayer (inter- 

lamellar) spacing of approximately 300 pm and 320 

pm for the Na ÷- and Mn2+-clay, respectively [9]. In 

the aqueous reaction medium used, it would be 

expected that the Mn2+-clay would fully hydrate, 

increasing the interlayer space to approximately 800 

pm and this space would be important in especially 

enabling the intercalation and binding of the ligand 

(Tiron), and also the substrate (hydroxylamine) and 

dioxygen. 

The rate of formation of hydrogen peroxide in air 

using Mn2+-exchanged clay was approximately 1/5 

that in pure dioxygen, indicating that dioxygen is 

involved in the rate-determining step. A mechanism 

for the homogeneous process has been proposed [4], 

whereby both dioxygen and hydroxylamine become 

bound to a square-planar assembly of manganese(II) 

and catecholate ligand with the resulting complex act- 

ing as an "electron sink" for the transfer of electron 

density from the bound substrate to dioxygen. The 

faster rates of hydrogen peroxide production with this 

partial heterogeneous system imply that the presence 

of manganese(II) adsorbed either onto the surface or 

within the interlamellar space of the clay facilitates 

this process. 

Recently Uemura and et al. have reported the use 

of Mn 2 ÷-clay to catalyse the oxidation of alkanes with 

tert-butyl hydroperoxide [10]. With the system 

described here, there is the possibility of developing a 

dual process which cannot only generate hydrogen 

peroxide in situ, but also catalyse important organic 

oxidation processes. Work is also continuing to search 

for alternative substrates to hydroxylamine to make 

this process more economically viable and for which 

some success has been achieved. This system is also of 
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Fig. 1. The  p r o d u c t i o n  of  H 2 0 :  in the Mn2+-c l ay /T i ron /NH2OH system in the presence of  O:  a t  2 5 + 0 . 5 ° C  and  different  

weights  of  Mn2÷-clay.  In  al l  runs,  the [Tiron] was  6 × 10 -4 mol  d m  -3, the in i t ia l  [NH2OH] was  0.5 mo l  d m  3 and  the p H  

was 8.0 [0.1 mol  d m  -3, 4 - (2 -hydroxye thy l ) - l -p ipe raz inepropanesu l fona t  e (EPPS)  buffer]. 
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interest in modelling natural systems such as galactose 

oxidase [11]. 
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