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Abstract: By reducing potassium permanganate using various methods (microwave radiation, 
HCl, ethanol, ascorbic acid) in a biochar environment, we have prepared composites of 
manganese oxides and biochar as an electrode material for elements or supercapacitors. 
Once identifi ed, the prepared products were tested for thermal stability and phytotoxicity 
as a safety parameter in case they get in contact with the natural environment. 
The publication had also discussed progression of thermal decomposition of 
the composite. The process was exo-thermal with mutual oxidation-reduction reaction 
between the manganese oxides and biochar carbon. In the article there are also described 
the adsorption capabilities of prepared products. The manganese oxide content had also 
infl uenced the phytotoxicity test results. The biochar itself had stimulating effects on 
all tested seeds, while composites had shown both stimulating and inhibiting effects, 
depending on the kind of tested seeds.
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Introduction
The aim of this work was to prepare composite 

compounds of biochar-MnOx for potential use in 
supercapacitors and test their thermal stability 
and phytotoxicity for safety reasons in case they 
get in contact with the natural environment. 
Supercapacitors (electrochemical capacitors) have 
been drawing a lot of attention as electrical energy 
storage devices as their storage density is greater 
than that of lithium-ion batteries or commercial 
capacitors. They feature the pulse charging 
compatibility, long life expectancy, simple principle 
and high discharge dynamics.

Supercapacitors are capable of absorbing high 
amounts of charge over very short time periods. 
In supercapacitors, electrical charge is stored 
physically (as opposed to chemically) by applying 
electrostatic force on the surface of electrodes at 
the electrode/electrolyte boundary (Lu et al., 2014). 
A typical supercapacitor consists of 2 electrodes, 
electrolyte and a separator. For so-called pseudo-

capacitors (Fan et al., 2015), energy stores reversible 
redox by reaction on the electrode surface. 
The capacitors can be further sub-divided to 
symmetrical (same composition for all electrodes) 
and asymmetrical (different composition for 
electrodes). The basic supercapacitor concept is 
illustrated in Fig. 1 (Varghese et al., 2015).

Fig. 1 Basic supercapacitor concept diagram 
(Varghese et al., 2015)

pp. 21 - 28, DOI 10.2478/tvsbses-2018-0004 



Transactions of the VSB - Technical university of Ostrava

Safety Engineering Series, ISSN 1805-3238 

Vol. XIII, No. 1, 2018

22

The given parameters:
These parameters are used to facilitate orientation 

of the examined subject.

Total capacitance in serial connection (CT):

(1)

CP positive electrode capacitance,
CN negative electrode capacitance.

Power capacity (E)

[Wh/kg] (2)

Power density (P)

[W/kg] (3)

[V - Element voltage; R - Resistance]

These values are infl uenced by electrode 
material. Nano-structural material is in the majority 
when we speak about electrode materials. Its 
surface, area, porousness and conductivity infl uence 
the contact between the electrode and electrolyte. 
The basic electrode material is a porous carbon 
material, conductive polymer and oxides of transit 
metals - Faraday material (including Fe3O4, TiO2, 
NiO, MnO2). These are electro-active materials that 
form electrodes for the so-called pseudo-capacitors, 
where the adsorption takes place via reversible redox 
reactions. The electrode materials applied as nano-
composite MnOx - carbonaceous materials include 
e.g. MnO2 - carbonaceous nano-tubes (Chen et al., 
2010; Subramanian et al., 2006), MnO2 - graphene 
(Liu et al., 2010; Wang et al., 2009; Zhang et al., 
2010; Zhu et al., 2011) MnO2 - mesoporous carbon 
(Dong et al., 2006; Jiang et al., 2012; Zhu et al., 2005) 
and other porous carbonaceous material acquired 
via pyrolysis of natural materials (Basri and Dolah, 
2013; Wei and Yushin, 2012) e.g. coconut shells, 
potato amyl, beer sludge, corn seeds, wood waste, 
bamboo, rice, coffee sediment etc.

It can also be a nano-composite of MnO2 with 
conductive polymers (Meng et al., 2013; Wang et 
al., 2008) and a variety of combinations of MnO2 / 
conductive polymer // carbon / MnO2, / carbonaceous 
nanotubes / MnO2 graphene / graphene // graphene, 
MnO2 / graphene // CNT e.g. for asymmetrical 
capacitors (Zhai et al., 2013). For Li-ion batteries 
(pseudo-capacitors), a C-anode material with 
the following redox reaction can be used (Yan et al., 
2014):

(MnO2)solid + M+ + e → MnOOM
M = Li+, Na+, K+

Electrolytes used for applying MnOx 
nano-composites include water solutions (of salts 
(Na2SO4) acids, alkalis), gel, organic or ion liquids 
(Varghese et al., 2015). In addition to its application 
as electrode materials, manganese oxide-based 
composite materials were applied on the C-carrier 
to absorb ions of arsenic, lead and copper (Zhou et 
al., 2017) from the water environment. Plans are 
being made for their application during catalytic 
decomposition of water into hydrogen and oxygen 
(Mette et al., 2012).

Material and methods

Used Chemicals

- Biochar (a product of biomass pyrolysis - Biouhel, 
Zlín s.r.o.) with summary formula of C14O 
containing 2 % of Si, Al, K, Ca, Mg salts;

- KMnO4, HCl, C2H5OH, ascorbic acid (Sigma 
Aldrich).

Used devices

- SEM analysis: FEI Quanta 650 FEG scanning 
electron microscope (FEI, USA),

- TGA/DSC2 Mettler-Toledo.

Preparation of products A-E and Bs

Preparation of composites was based on 
the described principles of reduction of potassium 
permanganate using microwave radiation HCl, 
C2H5OH and ascorbic acid. For the carbonaceous 
carrier, we had a choice between graphene-oxide, 
its reduced form or a product of the so-called green 
economics, biochar, which we ended up choosing. 
In addition to the composite, we had the so-called 
birnessite (Wang et al., 2015) oxide prepared with 
layered structure with manganese valence of +3+4 
by reducing the permanganate using hydrochloric 
acid with no biochar present. 

Product A (microwave radiation)

Biochar (5 g) was put into a fl ask with 90 ml 
of distilled water and KMnO4 (4 g) was added to it 
during intense stirring. The mixture was then stirred 
at laboratory temperature of microwave radiation for 
5-7 min. This was followed by fi ltering, rinsing with 
distilled water and ethanol; after drying for 12 hours 
at 60-70 °C; the mass of the acquired product was 
7.25 g (31 % of mass increment).
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The analysis results show that product B has 
the highest manganese content, while product D 
has the lowest - once reduced by ascorbic acid, its 
manganese content is essentially 100 times lower 
than products A, B and C. Fig. 2 shows electronic 
images of products A-D with various manganese 
oxide confi guration within the carbonaceous frame 
of biochar, biochar and birnessite.

Tab. 1 Elementary spectral micro-analysis of (EDS) 
products A-D, biochar and birnessite

Fig. 2 Electron images of surfaces for products 
(A-D), biochar (E), Birnessite (Bs)

Thermal Stability of Products (A-D), 
Biochar (E), Birnessite (Bs)

TGA analysis (Fig. 3) was used to demonstrate 
the basic difference between thermal stability 
of products A-D, i.e. composite biochar-MnOx, 
and the default biochar. Decomposition of all of 
the composite materials is fi nished at 600 °C, 
which is also the temperature at which the main 
biochar decomposition starts. Product D is the most 
thermally stable product of all of the tested products 
(see Tab. 2). Its decomposition is accompanied 

Product B (HCl)

4 g of KMnO4 was dissolved in a fl ask with 
60 ml of distilled water and biochar mixture (5 g) 
was heated up to 60 °C and 4 ml of concentrated 
4 HCl were added to solution, drop-by-drop during 
intense stirring; the mixture was stirred for one 
more hour and then cooled down to laboratory 
temperature. This was followed by fi ltering and 
meticulous rinsing using distilled water and C2H5OH. 
The fi ltrate was dried for 12 hours at 60-70 °C, 
the mass of the resulting product was 7.29 g (31 % 
of mass increment).

Product C (C2H5OH)

5 g of biochar was mixed with a solution of 
4 g of KMnO4 and 90 ml of distilled water. After 
stirring, 80 ml of C2H5OH was added drop by 
drop. The mixture was stirred for 1 hour and then 
fi ltered, rinsed using distilled water and ethanol. 
The substance was then dried for 12 hours at 
60-70 °C; the mass of the resulting product was 
8.2 g (39 % of mass increment).

Product D (ascorbic acid)

4 g of KMnO4 was dissolved in a fl ask with 
90 ml of distilled water and biochar was added (5 g); 
after stirring, ascorbic acid was gradually added and 
the mixture was stirred in a water bath at 50-60 °C 
for 3 hours. This was followed by fi ltering, rinsing 
with distilled water and ethanol; after drying for 
at 60-70 °C; the mass of the acquired product was 
7.4 g (32 % of mass increment).

Product Bs (Birnessite)

- the experiment procedure was the same as for 
product B, with no biochar involved.

Results and discussion

Chemical Composition of the Prepared 
Products and Their Morphology

The prepared product, the default biochar and 
the result of the so-called “blind experiment”, i.e. 
a reduction of permanganate by hydrochloric acid 
with no biochar (according to literature(Varghese et 
al., 2015), a way to prepare the birnessite compound 
- Mn3+ - Mn4+) were subjected to elementary 
micro-analysis (EDS); the results are shown in 
Tab. 1. 

Product

Mn 
content 
[% of 
mass]

Empirical product formulas

relative to 
Mn

relative to 
MnOx

A (microwave 
radiation) 27.1 C7,8 O2,4 Mn C7,8 O2,4 MnO2

B (HCl) 39.3 C4,6 O1,5 Mn C9,2 Mn2O3

C (C2H5OH) 30.6 C6,4 O2,2 Mn C6,4 O0,2 MnO2

D (ascorbic 
acid) 14.0 C15,8 O7,5 Mn C15,8 O5,5 MnO2

E biochar 0 C14 O C14O

Bs (birnessite) 61.4 Mn3O5

Mn3O5

(Mn2O3-MnO2)
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Fig. 3 TGA and DSC analysis for products A

Fig. 4 TGA and DSC analysis for products B

Fig. 5 TGA and DSC analysis for products C

Fig. 6 TGA and DSC analysis for products D

by 3 exo-effects (see Fig. 6 and Tab. 2,3); unlike 
products A-C with 2 identifi ed exo-effects identifi ed. 
Likewise, the progression of TGA and DSC curves is 
similar for these products (see Fig. 3-5.) Mild endo-
effects in the range of 70-80 °C are probably caused 
by dehydration (desorption of H2O) with weight loss 
of 7-8 %. Product D only has endo-effects at 147 °C 
with weight loss of 2.4 %. Thermal decomposition 
of biochar takes place with no endo-effects. Biochar 
(the carbonaceous compound) had demonstrated 
its reducing capabilities during its reaction with 
potassium permanganate solution with initiation 
of microwave radiation, which is expected to have 
the following progression:

2KMnO4 + 3C+ H2O → MnO2 + 2KHCO3 + CO

One can also expect its reducing roles (Mette 
et al., 2012), which manifest at thermal load of 
the prepared composites and related reaction effects 
corresponding to reduction of MnO2.

2MnO2 + C → Mn2O3 + CO (CO2)

3MnO3 + C → Mn3O4 + CO (CO2)

Mn3O4 + C → 3MnO + CO 

MnO + C → MnOx + (1-x) CO

These considerations are supported by 
the manganese content value comparison for 
the prepared products with the mass value of 
the sample remaining after thermal decomposition 
(Tab. 4). At points where x can be lesser than 1 
(x ≤ 1), one cannot exclude the possibility of 
creation of manganese carbide Mn3C. The role of 
active carbon - biochar - was demonstrated during 
the so-called “blind experiment”, which involves 
reducing a permanganate solution with no biochar 
present. The prepared manganese oxide (birnesitte 
MnO2-Mn2O3) succumbed to thermal decomposition, 
with sample weight loss of 25 % at 1200 °C and 
29 % at 1400 °C. The main weight loss (approximately 
15 %) during the thermal decomposition was 
recorded at 40-200 °C with simultaneous 
endo-effect with two maximums of 68 °C and 
132 °C with minimal thermal change (see Fig. 8), 
which probably causes morphological changes 
(de-oxidation, de-hydroxylation) and moisture. 
Further endo-effects occur at thermal maximums of 
889 °C and 976 °C with minimum weight loss of 
4 %. One exo-effect was identifi ed at 477 °C with 
weight increment of under 1° and minimum thermal 
change of 155 J/g.
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The adsorption capabilities of prepared 
products

The adsorption capabilities of the prepared 
A-D product and biochar itself (E) respectively 
the permeation capabilities of the products were tested 
with cooperation to the SÚJCHBO v.v.i. accredited 
methodology on a special device for detecting 
resistance times of capture material against annoying 
substances or their substitutes "Determination of 
the resistance of foil materials against penetration of 
gas peroxide by gas chromatography, MAZL-39/10 
Permeatest 4". In our case it was 1,6- dichlorhexane 
as a substitute for yperite.

Samples A and C essentially did not retain 
the substituent, for samples B and D the resistance 
time of 130 mg was equivalent to 81 and 
83 minutes for the sample weight of 130 mg. 
The best results were achieved with biochar itself 
(E), and the resistance time was twice as large as 
that for samples B and D (173 minutes), testing of 
adsorption capabilities will be subject of further 
research.

Phytotoxicity

For testing of the Biochar-MnOx composite 
products on germinant plants, we have utilized 
the sensitivity of germinant seeds of mustard 
(Sinapis alba L.), lettuce (Lactuca sativa), garden 
cress (Lepidium sativum) and radish (Raphanus 
sativus) in their initial development stages to toxic 
substances (OECD Metodika 208/1984). Dosages 
of individual products were approximately between 
0.1-0.11 g. Average root length L (in mm) is 
calculated from both parallel sets for each dilution, 
which is followed by calculating inhibition I 
(or stimulation) of root growth with the toxic 
substance in effect in comparison to the set reference 
sample. Root growth inhibition or stimulation is 
calculated using the following formula:

(4)

where: 
I is the root growth inhibition or stimulation [%],
I < 0 ….. stimulation,
I > 0 ….. inhibition,
Lc is the average reference root length [mm],
Lc is the average sample root length [mm].

Fig. 7 TGA and DSC analysis for biochar products E

Fig. 8 TGA and DSC analysis for birnessite Bs 
products

Tab. 2 Beginning and ending of exo-thermal 
decomposition of products A-D and biochar

Tab. 3 Temperatures of exo-thermal effects at 
maximums

*continuous transition.

Tab. 4 Remaining mass of products and biochar after 
the decomposition

Product A-D and 
Biochar E A B C D E

(biochar)
Initial decomposition 
temperature [°C] 210 210 210 240 250

Temperature after 
decomposition [°C] 580 570 570 650 730

Product and biochar A B C D E

Exo-thermal max. 
temperature [°C]

388
502

hint
370
485*

374
496

342
407
525

662

Product and 
biochar A B C D E

Remaining mass 
[% of mass] after 
decomposition

35.6 29.7 34.5 17.7 9.9

( - )
100c v

c

L L
I

L
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Fig. 12 Resulting mesh for product A - Biochar-
MnOx composite (radish)

Tab. 5 Summary of root length values in phytotoxicity 
tests for seeds of Sinapis alba L.

Tab. 6 Summary of root length values in phytotoxicity 
tests for seeds of Lactuca sativa

Example of root length calculation for product A:

I1 = 16 · 07 > 0 (inhibice)

Fig. 9-12 shows a graphic example of placing 
seeds of mustard, lettuce, garden cress and radish 
to the proximity of the tested product A (microwave 
radiation). It shows that half of the samples were 
in direct contact with the seeds, while the other half 
was placed between the seeds.

Fig. 9 Resulting mesh for product A - Biochar-
MnOx composite (white mustard)

Fig. 10 Resulting mesh for product A - Biochar-
MnOx composite (lettuce)

Fig. 11 Resulting mesh for product A - Biochar-
MnOx composite (garden cress)

White mustard (Sinapis alba L.)

Product
Ø direct 

contact root 
length [mm]

Ø system 
root length 

[mm]
*I/S

A (microwave 
radiation) 19 35.71 I

16.07

B (HCl) 7.5 28.33 I
33.6

C (C2H5OH) 6.5 27.67 I
36.38

D (ascorbic acid) 42.5 34.21 I
19.59

E (biochar) 11.5 43.54 S
-2.34

Lettuce (Lactuca sativa)

Product
Ø direct 

contact root 
length [mm]

Ø system 
root length 

[mm]
*I/S

A (microwave 
radiation) 14.5 15.04 S

-49.06

B (HCl) 18.0 13.45 S
-33.25

C (C2H5OH) 6.5 12.88 S
-27.59

D (ascorbic acid) 8 10.3 S
-2.12

E (biochar) 10.5 13.0 S
-28.77
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*I-inhibition

S-stimulation

Biochar had stimulating effects on all seeds - 
the greatest for lettuce and the least for mustard, see 
Tab. 5-8. The composites had stimulating effects 
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