
DWESD
8, 1–20, 2015

Natural manganese
deposits as catalyst

for decomposing
hydrogen peroxide

A. H. Knol et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Drink. Water Eng. Sci. Discuss., 8, 1–20, 2015
www.drink-water-eng-sci-discuss.net/8/1/2015/
doi:10.5194/dwesd-8-1-2015
© Author(s) 2015. CC Attribution 3.0 License.

This discussion paper is/has been under review for the journal Drinking Water Engineering and
Science (DWES). Please refer to the corresponding final paper in DWES if available.

Natural manganese deposits as catalyst
for decomposing hydrogen peroxide

A. H. Knol1, K. Lekkerkerker-Teunissen1, and J. C. van Dijk2

1Dunea N.V., Strategy department, P.O. Box 756, 2700 AT Zoetermeer, the Netherlands
2Delft University of Technology, Water Management department, Stevinweg 1, 2628 CN Delft,
the Netherlands

Received: 17 November 2014 – Accepted: 27 December 2014 – Published: 23 January 2015

Correspondence to: A. H. Knol (t.knol@dunea.nl)

Published by Copernicus Publications on behalf of the Delft University of Technology.

1

http://www.drink-water-eng-sci-discuss.net
http://www.drink-water-eng-sci-discuss.net/8/1/2015/dwesd-8-1-2015-print.pdf
http://www.drink-water-eng-sci-discuss.net/8/1/2015/dwesd-8-1-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


DWESD
8, 1–20, 2015

Natural manganese
deposits as catalyst

for decomposing
hydrogen peroxide

A. H. Knol et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

Drinking water companies more and more implement Advanced Oxidation Processes
(AOP) in their treatment schemes to increase the barrier against organic micropollu-
tants (OMPs). It is necessary to decompose the excessive hydrogen peroxide after ap-
plying AOP to avoid negative effects in the following, often biological, treatment steps.5

A drinking water company in the western part of the Netherlands investigated decom-
position of about 5.75 mg L−1 hydrogen peroxide in pre-treated Meuse river water with
different catalysts on pilot scale.

In down flow operation, the necessary reactor Empty Bed Contact Time (EBCT)
with the commonly used Granulated Activated Carbon (GAC) and waste ground water10

filter gravel (MCFgw) were the same with 149 s, corresponding with a conversion rate
constant r of 0.021 s−1. The EBCT of the fine coating of ground water filter gravel (MC)
was significantly shorter with a little more than 10 s (r = 0.30s−1).

In up flow operation, with a flow rate of 20 m h−1, the EBCT of coating MC increased
till about 100 s (r = 0.031s−1), from which can be concluded, that the performance of15

this waste material is better compared with GAC, in both up and down flow operation.
The necessary EBCT at average filtration rate of full scale dual layer filter material

(MCFsw) amounted to 209 s (r = 0.015s−1). Regarding the average residence time in
the full scale filters of 700 s, applying AOP in front of the filters could be an interest-
ing alternative which makes a separate decomposition installation superfluous, on the20

condition that the primary functions of the filters are not affected.

1 Introduction

All over the world surface water is to some extend contaminated with organic microp-
ollutants (OMPs). It is expected that the amount and concentrations of OMPs will in-
crease, due to population growth, aging and global warming. A drinking water company25

in the western part of the Netherlands identified the threat of OMPs in their source the
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Afgedamde Maas, a side branch of the Meuse river. The managed aquifer recharge
(MAR) by dune filtration and the dosing of powdered activated carbon (PAC) are cur-
rently the main barriers against OMPs. After careful consideration advanced oxidation
process (AOP) was selected as the most optimal technique to extend the treatment
scheme (Abrahamse et al., 2007) and research was carried out with ozone and UV5

based AOP, in combination with hydrogen peroxide. When AOP is installed before
MAR it is expected that this two processes will provide a synergistic, hybrid system
(Lekkerkerker-Teunissen et al., 2012).

A drawback of applying AOP is the remaining hydrogen peroxide in the treated water.
After dosing 6 mgL−1 hydrogen peroxide in the AOP influent water, about 5.75 mgL−1

10

hydrogen peroxide is remaining in the AOP effluent water. This AOP effluent water flows
out in infiltration ponds which recharge the dunes. It is established that even a concen-
tration of 2 mgL−1 affects about 80 % of the organisms in the infiltration ponds (Reeze
et al., 2010). Because the infiltration ponds are situated in a protected nature area
(Natura 2000), it is of utmost importance to lower the hydrogen peroxide concentration15

till a level that will not affect the ecology. As a company standard, the maximum allowed
concentration of hydrogen peroxide in the infiltrated water is established at 0.25 mgL−1.

Hydrogen peroxide in water has a tendency to decompose in water and oxygen, be-
cause the reaction products are more stable than the hydrogen peroxide itself (Petrucci
et al., 2007):20

2H2O2→ 2H2O+O2

ΣµΘ [kG] 2 · (−134.1)→ 2 · (−237.2)+0.0

Overall the chemical drive of this so-called decomposition reaction is 206.2 kG. How-
ever, the decomposition is very slow, the reason why hydrogen peroxide solutions are
commercially available. Decomposition is strongly affected by light and catalysts as25

catalase, (spores of) metal oxides and activated carbon. In full-scale application, ho-
mogeneous catalysis (enzymatic with for example catalase or iron) is not practical. The
most promising technique is therefore heterogeneous catalysis. Common catalysts in-
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clude manganese oxide, silver, platinum and activated carbon. The surface of these
catalysts provides a favorable environment to catalyze the decomposition, though the
mechanism is not well understood. Apparently the reaction rate is increased as this
alternative route has a lower activation energy than without the catalyst (Masel, 2001).
Decomposition starts with adsorption of hydrogen peroxide on the catalyst. The rate of5

adsorption, and with that the decomposition rate, is higher at higher water temperature
and with a larger catalyst surface.

Filtration over granulated activated carbon (GAC) is a proven technology to decom-
pose hydrogen peroxide (Kruithof et al., 2007). The decomposition reaction with pure
manganese dioxide in granular form is slow and time demanding (Bazri, 2010). How-10

ever, it was known that dissolved manganese in surface and groundwater deposits
as manganese oxide compounds on grains in sand filters. Microscopic examination
yielded promising results: at pre-treatment plant, (oxygen)bubbles were formed at the
surface of grains of a full-scale double layer sand filter after adding 1 % hydrogen per-
oxide solution.15

This research focused on the decomposition of about 5 and 10 mgL−1 hydrogen
peroxide till 0.25 mgL−1 in the pilot plant installation. Three different catalysts were in-
vestigated: commonly applied GAC and two types of manganese coated filter material.
The main parameter determined for the three decomposing materials was the reactor
empty bed contact time (EBCT), based on the conversion rate of the decomposition.20

2 Materials and methods

2.1 Column reactors

Catalytic decomposition was investigated in vertical column reactors, with outside di-
ameters of 0.20, 0.40 and 0.60 m, called R20, R40 and R60, respectively. Sample
points over the height of the columns made it possible to analyse the hydrogen perox-25

ide after different contact times.
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The two reactors R60 were fed with pre-treated Meuse river water, abstracted before
the full-scale double layer sand filters. The reactors R20 and R40 were fed with the
effluent of these full-scale double layer sand filters. The flow through the reactors could
be varied between 1.0 and 3.0 m3 h−1, which corresponds with flow rates between 4
and 100 mh−1. The standard operation was down flow, but up flow operation also was5

applied with flow rates up till 40 mh−1. Before the water flowed in the reactors, 10 %
hydrogen peroxide was dosed into the water with a membrane pump with a maximum
capacity of 3.0 Lh−1. The applied concentrations were about 5 and 10 mgL−1 in the
influent water.

2.2 Decomposing material10

Three different catalysts were used: GAC and two types of manganese coated filter
material.

The GAC type was extruded activated carbon with a diameter of 0.8 mm, especially
suitable for catalytic processes. The manganese coated filter material were obtained
from two different drinking water treatment facilities. The first material was manganese15

coated filter material from a groundwater treatment plant (MCFgw), replaced at the end
of the filter life time. The second manganese coated filter material was obtained from
a surface water treatment plant (MCFsw). The MCFsw was collected from the double
layer sand filters.

During the first backwashing of MCFgw, a part of the coating was separated from20

the grains. This coating (MC) was also used as catalyst. With XRD analysis, besides
calcium and iron compounds, the manganese containing compounds ramsdellite and
birnessite were detected in MC (Hendrix, 2014). Specifications of the manganese con-
taining materials are shown in Table 1.

5
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2.3 Analyses

The hydrogen peroxide concentration in water was analysed on site with a spectropho-
tometer. The measurement is based on the reaction of hydrogen peroxide with tita-
nium(IV)oxysulphate solution, following DIN 38409 H15. Samples were collected and
measured in a volumetric flask, after adding 5.0 ML of the titanium(IV)oxysulphate5

solution by a pipette. When higher concentrations were expected than 6 mgL−1, the
samples were diluted with milli-q water. The samples were measured at a wave-
length of 420 nm and corrected for background absorbance, which were determined by
analysing the samples without the addition of titanium(IV)oxysulphate solution. At a hy-
drogen peroxide concentration of 5.8 mgL−1 the standard deviation σ was 0.02 mgL−1.10

3 Results and discussion

3.1 Activated carbon

With GAC, 5 mgL−1 hydrogen peroxide was decomposed completely in just more than
120 s empty bed contact time (EBCT), see Fig. 1. In the same EBCT, 10 mgL−1 hy-
drogen peroxide was decomposed for about 90 %. This experiment confirmed that ac-15

tivated carbon is well-functioning catalyst for decomposing hydrogen peroxide, even at
the low water temperature of 1.8 ◦C.

3.2 Manganese coated filter material

The decomposition of 5 mgL−1 hydrogen peroxide with anthracite and gravel MCFsw
is plotted in Fig. 2.20

In about 250 till 350 s the hydrogen peroxide in both reactors was decomposed com-
pletely. The EBCT of the 0.25 m anthracite layer was about 200 s, which means that the
anthracite had a major contribution to the decomposition. The total EBCT of 700 s of
the 0.85 m bed layer was the same as the average EBCT in the full scale filters, which

6
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means that at least 400 s EBCT remains for the primary functions of the rapid sand fil-
ters (removal of iron and manganese, nitrification and mineralization). This observation
confirms that applying AOP in front of the rapid sand filters can be an interesting option
in practice and could make a separate decomposing installation superfluous, provided
that the primary filter functions are not disturbed.5

Decomposing with the coarse gravel MCFgw was investigated with a dose of 5 and
10 mgL−1 (Fig. 3).

A dose of 5 mgL−1 hydrogen peroxide was completely decomposed in an EBCT of
180 s. A dose of 10 mgL−1 was decomposed in 260 s. Despite the manganese content
of MCFgw of 14 gkg−1, about 100 times higher compared to MCFsw, the difference in10

the decomposing time between MCFgw and MCFsw was no more than 30 %.
The results of decomposition with the fine coating MC was investigated with a dose

of 5 mgL−1 hydrogen peroxide and printed in Fig. 4.
Already within 10 s 95 % of the hydrogen peroxide was decomposed. Clearly the

coating with a relatively high manganese content of 100 gkg−1 had a positive effect on15

the rate constant of decomposing hydrogen peroxide, conform literature (Bazri, 2010).
In addition, the small particles (Table 1) form a large catalyst surface.

Decomposition of hydrogen peroxide is a first order reaction in a heterogeneous envi-
ronment. Because the reaction does not take place under homogenous circumstances,
the decomposition rate is not expressed in a reaction rate constant, but in the conver-20

sion rate constant r (Coulson and Richardson, 1996). The conversion rate constant is
not only depending of temperature and pressure (as in homogeneous milieu), but also
on contact surface of the catalyst and hydraulic conditions in the reactor. In case of
a first order reaction, a linear relation exist between the negative natural logarithm of
the quotient of the effluent hydrogen peroxide C and influent concentration C0 and the25

reaction time (− lnC/C0 vs. t). The relations of the different investigated catalysts are
printed in Fig. 5.

The slope of the lines is the value of r . MC had the highest conversion rate constant
(note that the value of r is only based on one sample point, because the water in the

7
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second sample point did not contain hydrogen peroxide anymore) and much higher
compared to the other catalysts. In addition, the conversion rate of the same catalyst
depended on the initial hydrogen peroxide concentration. This observation is reported
earlier under heterogeneous conditions by Coulson and Richardson (1996).

In Table 2 the necessary EBCT is calculated for the investigated catalysts with an5

initial concentration C0 = 5.75mgL−1 (corresponding to a dose in the AOP influent of
6 mgL−1) and an effluent concentration C = 0.25mgL−1 (the allowed concentration in
the infiltration ponds), which means that lnC0/C = 3.135 and t = 3.135/r . Here, it was
assumed that the calculated conversion rate constants at about 5.0 mgL−1 hydrogen
peroxide will not differ much from the conversion rate at 5.75 mgL−1.10

The necessary EBCT in the full scale dual layer filters (MCFsw) amounts about 200 s.
The EBCTs of GAC and MCFgw equals about 150 s. The EBCT of MC is much lower
with approximately 10 s. All experiments were carried out in down flow operation. For
full scale operation, however, down flow operation over fine material has the disadvan-
tage of fast clogging of filter material with suspended particles and potential increase15

of the resistance due to oxygen bubble formation, depending of the oxygen saturation
degree of the water. These disadvantages could be solved by up flow operation.

Up flow operation of the coating MC was investigated using three different flow rates.
A flow velocity of 40 mh−1 appeared to be the maximum velocity, without carrying the
coatings with the effluent of the reactor. The coatings became in fluidised state at a flow20

velocity of 4 mh−1. The decomposition of 5.8 mgL−1 hydrogen peroxide is plotted in
Fig. 6.

From Fig. 6 it was concluded, that the decomposition was sufficient, which means
lnC0/C ≥ 3.135, with up flow velocities of 10 and 20 mh−1. The necessary EBCT was
approximately 100 s. At a velocity of 40 mh−1 the decomposition goal could not be25

achieved. Presumably, the adsorption of hydrogen peroxide on the catalyst was in-
adequate due to the increased expansion, see Fig. 7, which resulted in less catalyst
surface in the same reactor height.

8
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In one way or another pelleting MC till a diameter of about 2 mm would make higher
flow velocities possible, and with that a smaller reactor footprint. However, changing the
diameter or the surface area of the catalyst or the hydraulic conditions in the reactor,
will have impact on the value of the conversion rate constant and consequentially on
the design criteria. In addition, the decomposition of hydrogen peroxide depends on5

the water temperature and will be faster with increasing water temperature. This is
visible in Fig. 8, wherein the decomposition is plotted of experiments with GAC at 1.8 ◦C
and 10.7 ◦C. The concentration of hydrogen peroxide was always lower after the same
contact time at a higher water temperature.

4 Conclusions10

In down flow operation, the necessary EBCT to decompose 5.75 mgL−1 hydrogen
peroxide in pre-treated Meuse river water with the commonly used GAC and waste
groundwater filter gravel (MCFgw) were the same with about 150 s, corresponding to
a conversion rate constant r of 0.021 s−1. The EBCT of the coating of groundwater filter
gravel (MC) was much shorter with a little more than 10 s (r = 0.30s−1).15

MC was suitable for up flow operation till a flow velocity of about 20 mh−1. The nec-
essary EBCT was about 100 s (r = 0.031s−1). At an up flow rate of 40 mh−1 the de-
composition goal could not be achieved, probably due to the increased porosity in the
fluidized bed. Pelleting MC till a diameter of about 2 mm would make higher up flow
velocities possible.20

The necessary EBCT at average filtration velocity of dual layer filter material
(MCFsw) amounted to about 200 s (r = 0.015s−1). Regarding the average residence
time in the full scale filters of 700 s, applying AOP in front of the filters could be an in-
teresting alternative making a separate decomposition installation superfluous, on the
condition that the primary functions of the filters are not affected.25

Acknowledgements. The authors would like to thank the staff of treatment location Bergam-
bacht for their technical support.
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Table 1. Specifications of different tested filter gravels.

Parameter Unit Course gravel Coating MC Anthracite/sand
MCFgw MCFsw

10 % Grain mm 1.01 0.25 2.06/0.97
Uniformity 60 %/10 % – 2.26 2.02 1.18/1.13
Manganese content g/kg 14.0 100.0 0.15/0.09
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Table 2. EBCT of catalysts to decompose a peroxide concentration of C0 = 5.75mgL−1 till
C = 0.25mgL−1.

Catalyst r (s−1) EBCT (s)

MCFsw 0.015 209
GAC 0.021 149
MCFgw 0.021 149
MC 0.30 10.4
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Figure 1. Decomposition of hydrogen peroxide with ROW 0.8 cat in R20 (bed height 1.4 m, flow
rate 40 mh−1, water temperature 1.8 ◦C).
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Figure 2. Decomposition over MCFsw in R60s with a bed height of 0.85 m (0.6 m gravel 0.8–
1.2 mm and 0.25 m anthracite 1.4–2.4 mm) and a bed height of 1.25 m (1.0 m gravel 0.8–1.2 mm
and 0.25 m anthracite 1.4–2.4 mm), a flow velocity of 4.4 mh−1, and a water temperature of
12.4 ◦C.
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Figure 3. Decomposition over MCFgw in R40 (bed height 2.3 m, flow rate 25 mh−1, water
temperature 3.3 ◦C).
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Figure 4. Decomposition over MC in R20 (bed height 0.36 m, flow rate 40 mh−1, water temper-
ature 11.7 ◦C).
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Figure 5. Conversion rate constants of the different tested catalysts.

17

http://www.drink-water-eng-sci-discuss.net
http://www.drink-water-eng-sci-discuss.net/8/1/2015/dwesd-8-1-2015-print.pdf
http://www.drink-water-eng-sci-discuss.net/8/1/2015/dwesd-8-1-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


DWESD
8, 1–20, 2015

Natural manganese
deposits as catalyst

for decomposing
hydrogen peroxide

A. H. Knol et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 6. Up flow decomposition with MC in R20 (static bed height 0.36 m, water temperature
5.8 ◦C).
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Figure 7. Expansion of the 0.36 m MC-bed as a function of the flow rate.
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Figure 8. Decomposition with GAC at different water temperatures.
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