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ABSTRACT

Among the most common and problematic groundwater contaminants are iron and manganese com-
pounds. Specific filter materials are of primary importance in removing them from groundwater.
They can be based on natural or modified materials. Modification of the natural materials used for
traditional water treatment is one of the factors determining the efficiency of the Fe and Mn removal
process, because raw natural media do not effectively remove them from the water. For this rea-
son, research has been carried out on the modification of selected natural materials with coatings
that accelerate the removal of iron and manganese from water. In order to shorten the activation
time, the coating process was supported with an electrolytic method. The research was conducted
on sand and aluminosilicate, which were activated with a KMnO, solution by reducing it with nat-
ural reducing agents — coffee and lemon juice. Conducted experiments let to achieve new catalytic
masses for Fe and Mn removal from the water. All tested materials were covered with oxidation
layer of MnO,. The best materials coated with precipitated MnO, were aluminosilicates of both
finer- and larger-grain size. The process of electrolysis allowed a significant reduction in a mod-
ification time. After filter columns backfilling with the new modified beds, both aluminosilicates
showed the best efficiency in Fe and Mn removal from the water and the most stable MnO, coating.
Electrolysis support let to shorten the time of backwash.
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1. Introduction

Groundwater has varying chemical status due to the dif-
ferent deposition levels in the ground. Common water con-
taminants exceeding accepted standards, that is, iron and
manganese. These elements are a problem in water treatment
management. In accordance with the Directive of the Council
of the European Union on the quality of water intended for
human consumption 2020/2184 [1] as well as the relevant
national regulations of individual EU countries (e.g., in
Poland: Regulation of the Minister of Health of 7 December
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2017 [2]), the concentration of manganese in water should
not exceed 0.05 mg/L and iron 0.2 mg/L. When using ground-
water for industrial and municipal purposes, manganese
and iron must be removed to the concentrations specified in
the aforementioned regulation. Hacker et al. [3] states that
the nuisance of elevated manganese and iron compounds is
indicated by unpleasant taste and scent. Elevated concen-
trations also contribute to the formation of dark deposits in
the installation and disturb the operation of filters and water
meters. For this reason, the process of filtration with special
beds is very important. This is the best known method for
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meeting water quality standards [4-8]. Various factors influ-
ence groundwater pollution, what bold literature data [9-13].
Skoczko et al. [14], Krél and Dudziak [15] and Keken et al.
[16] state that naturally occurring water is characterised by
specific physical, chemical and biological properties. All
these properties affect its suitability for different purposes.

Among the most problematic groundwater contaminants
and the most common in groundwater are iron and manga-
nese compounds [17]. According to Canup and Righter [18],
the two elements occur side by side in groundwater, with
the amount of manganese usually being lower at around
10%-20% of the iron content. In contaminated waters,
salts of these elements are found in high concentrations
[4,5,8,16,19,20]. According to water quality regulations [1,2],
the iron content must not be greater than 0.2 mg-Fe/L and
the manganese — not greater than 0.05 mg-Mn/L. Exceeding
the permissible concentration — drinking water could con-
tribute to a number of health effects, increased colour and
turbidity, unpleasant taste and smell [19,20-22]. Fe and Mn
cations are also a disadvantage in the dye, pulp, paper and
textile industries [23].

Literature [24-28] states that filter materials are of funda-
mental importance in the iron and manganese removal from
groundwater. They can be composed of natural minerals or
can be chemically manufactured. The most commonly used
are filter materials with catalytic and/or oxidative proper-
ties leading to precipitation of iron and manganese on the
grain surface. The catalytic compound is MnO,, which is a
strong oxidant [29,30]. Removal of iron and manganese is
carried out by various methods: filtration, membrane sep-
aration, ion exchange, distillation, chemical precipitation,
coagulation or sorption [9,13,15,31,32].

The example of naturally activated bed in water treat-
ment station (WTS) is the quartz sand covered with a durable
layer of iron and manganese oxides that form an oxidation
coating, during aeration and filtration of water contaminated
with iron and manganese [22,30,33,34]. Cai et al. [35] report
that unprocessed natural materials are also used, which
do not require activation and allow effective removal of Fe
and Mn. An equally popular method especially in indus-
trial plants and boiler water preparation is filtration based
through artificially activated beds based on various pat-
ented technologies [36]. Table 1 shows different filtration
materials used for Fe and Mn removal from the water.

Modification of filtration materials is one of the decisive
factors in the effectiveness of the manganese removal pro-
cess, as the raw natural media does not effectively remove
it from the water. Scientific groups of Karami et al. [33]
and Azari et al. [34] also have modified different materials
to better remove various substances from the water. They
have proved raw materials are inefficient. Beside chemical
activation they used technics of modification supporting
with physical processes what significantly changed results.
Commercially processed filtration masses (e.g., Greensand,
Birm, Pyrolox), compared to naturally coated, cannot purify
water for longer time without regeneration. Furthermore,
the MnO, cover is not stable and is washed out during fil-
tration. It does not meet for effective manganese removal,
what is confirmed by literature (Table 1). The activation
time is also a major disadvantage — the process may last up
to six weeks. For this reason, research experiments were

carried out on selected natural minerals modification with
specific coating that accelerate the removal of iron and
manganese from groundwater. In order to reduce the acti-
vation time, the coating process was carried out using an
electrolytic method.

2. Material and methods

The research was conducted in the laboratory of the
Faculty of Civil and Environmental Science at the Bialystok
University of Technology. The goal was modification of
porous natural minerals with a 5% potassium permanga-
nate solution. Samples of sand, gravel and aluminosilicates
of different granulations were prepared:

fine sand (S1): diameter of 0.2 mm;

coarse sand, that is, gravel (52): diameter of 0.8 mm;
fine aluminosilicate (Z1): diameter of 0.3 mm;
coarse aluminosilicate (Z2): diameter of 2 mm;

Experiments were conducted on materials’ sam-
ples weighing app. 500 g placed in 1 litre reactors (Fig. 1).
The tested materials were modified with:

¢ 5% potassium permanganate solution (5 g of KMnO,
p.d.a. dissolved in 1 L of cold distilled water);

* natural reducing agents:

e coffee infusion (constituting 25% of the activate solution)
prepared based on lightly roasted grains, fine-ground;
coffee mass was poured in cold distilled water for 24 h,
then heated and cooled down;

* lemon juice (5% of the activate solution); prepared based
on natural lemon juice dissolved in cold distilled water.

The samples of filter materials were completely soaked
in prepared solution (KMnO,, coffee and lemon juice solu-
tion in the ratio 7:2:1). Above the table surface the excess
solution 1 cm was left (Fig. 1).

Investigation stages:

* Stage 1: activation of all tested materials with prepared
solution for 7 d,

* Stage 2: electrolytic activation of materials with prepared
solution for 7 d,

* Stage 3: activation of materials with prepared solution
for 14 d,

e Stage 4: electrolytic activation of materials with
prepared solution for 14 d,

* Stage 5: activation of materials with prepared solution
for21d,

e Stage 6: electrolytic activation of materials with pre-
pared solution for 21 d,

* Stage 7: activation of materials with prepared solution
for 28 d,

* Stage 8: electrolytic activation of materials with prepared
solution for 28 d.

In each test stage, 4 samples consisting of fine sand,
coarse sand, fine aluminosilicate and coarse aluminosilicate
were tested. Four test cycles were carried out for each test
material.
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Table 1
Filtration materials used for Fe and Mn removal - literature review
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S.  Filtration Material Pollution Features Efficiency Literature
No. type removed
Removes mainly solid, Cai et al. [35]
larger colloidal agglomer- Lima et al. [36]
. . ates, turbidity and sus- Fe —15%-82%; Inglezakis et al. [37]
Quartzsand  Fe”; Mn* pended solids; pre-aeration Mn —-7%-35%  Adelman et al. [38]
required Munter et al. [28]
Skoczko [39]
Bed fil- Removes mainly solid
tration in larger colloidal };gglomer— Phatai et al. [40]
1 _ . Jez-Walkowiak et al. [41]
treatment Chalcedonite Fe¥3; ates, turbidity and sus- Fe — 11%-86%; Lima et al. [36]
plants Mn? 3 # pended solids. It becomes ~ Mn —11%—49%
) . Munter et al. [28]
more rapidly activated for Kaleta et al. [30]
the removal of manganese
Removes mainly solid Veressinina et al. [42]
. . . larger colloidal agglomer- Fe - 8%-75%;  Dudziak et al. [31]
Anthracite Fe”; Mn* ates, turbidity and sus- Mn -5%-31%  Zeng et al. [29]
pended solids Bruins et al. [22]
Crashed ore reach in MnO,
Fer-3 called manganese sand Jez-Walkowiak et al. [41]
Manganese M2 - is base of many filtration Fe —19%-95%; Skoczko [32]
ore NH - oréanics materials; no activation Mn -12%-88% Cai et al. [35]
v required; fast purification Dudziak and Kopanska [4]
Filtration effect
2 with natural It has a skeletal structure;

materials

Pre-activated
bed filtration

Zeolite

Greensand

Pyrolox

Purolite

Crystal Right

2=3+.
Fe*3;
3 .
Mn?34; NH,

2=3+.
Fe*3;
Mn2+ 3+ 4+; st

2=3+.
Fe?3;

2+ 3+ 4+,
Mll+++,

NH,; organics

2=3+.
Fe?3;
an+ 3+ 4+; st

Fe2: 3+/.
Mn2+ 3+ 4+;
hardness;
acidity

allows ion exchange and
reversible dehydration;
characteristics: high
sorption, catalytic and ion
exchange capacity; requires
aeration

It is an oxidation and
filtration bed; it requires
KMnO, regeneration; if not,
the bed will be permanently
damaged

It works following the same
principles as manganese
ore but is pre-activated; a
durable material with long
life and low abrasion
Manganese zeolite; high
oxidation capacity; KMnO,
regeneration

Silica crystalline form; Fe
and Mn removed by ion
exchange; mechanically
resistant; can be disinfected
with chlorine

Fe — 12%-86%;
Mn - 9%-45%

Fe —33%—-99%;
Mn - 25%-91%

Fe — 16%-85%;
Mn - 12%—-69%

Fe — 15%—-85%;
Mn - 9%-65%

Fe — 37%-81%;
Mn - 24%-63%

Munter et al. [28]
Lima et al. [36]
Kaleta et al. [30]

Skoczko [32]
Duranceau and Trupiano [26]
Jez-Walkowiak et al. [41]

Barlokova and Ilavski [43]
Veressinina et al. [41]
Munter et al. [28]

Munter et al. [28]
Truong et al. [44]
Aghoyeh and Khalafi [45]

Christopherson et al. [46]
Petkov et al. [47]

Szatylowicz and Skoczko [48]
Tao et al. [49]

Table 1 (Continued)
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Table 1
S. Filtration Material Pollution Features Efficiency Literature
No. type removed
Contains insoluble MnO,
catalyst, it is amorphous
Fer5 and crystalline silica; Fe — 91%-95%: Barlokova and Ilavski [43]
Birm N - NH requires aeration; organic Mn — 10‘; " —852/’0 Kaleta et al. [30]
"7 7% matter and oils have inhib- Anielak and Arendacz [25]
iting effect; no resistance to
chlorination
Allows treatment of waters
Pre-activated FM Fe? 3, with extremely high Fe and  Fe - 15%-75%; Tang et al. [24]
3 bed filtrati Mn*3#; NH, Mn contents; requires aera- Mn-8%—62% Inglezakis et al. [37]
ed filtration
tion and pH adjustment
Forms Fe oxides on the
Vi ini t al. [42
Defemen Fe2 3, surface of grains and sorbs  Fe — 16%-89%; B:rtierslsmtn: e[ 2;] [42]
cteme! Mn?34; NH, MnO, in deeper layers; does Mn —10%-58% Miuh slet al. [50]
not require replacement cheetat
Fe2 > Effective for removal of
G an*;* . Fe and Mn also in organic Fe —20%-95%; Skoczko [32]

NH,; organics

compounds; combined in

Mn -10%-85% Garcia-Mendieta et al. [51]

layers with sand

Source: Own elaboration based on the literature cited in the table.

1) Dry samples

2) Tested materials treated with 5% nO4
solution.

Fig. 1. Preparation of individual series of material samples for each step of activation tests. Source: Own elaboration.

In order to support coating process with MnO, and
shorten its time the electrolysis process was applied addition-
ally. The schematic of the stand is shown in Fig. 2. A test stand
for electrolysis was constructed consisting of a 1-L reactor
filled with the tested filter bed (S1, S2, Z1, Z2). Carbon-based
electrodes were used for testing. A constant electric current
of 12 V and 120 A generated by the electrolyser was passed
through samples numbers: 2, 4, 6 and 8. The electrolysed
materials were called S1-E, S2-E, Z1-E, Z2-E in this study.

Raw water was prepared from distilled water introduc-
ing the following ingredients per 1 L:

¢ 1.5 gpepton
¢ 10 g magnesium sulphate,

¢ 0.1 g manganese(II) sulphate anhydrous,
¢ 1.6 g ammonium iron(Il) sulphate,
¢ 2mgCa0,

This made it possible to obtain raw water with constant
parameters and a quality close to natural groundwater.

After the specified activation time, the samples were
dried and rinsed with water to remove the coloured reactant.
The filter material samples were then dried again and back-
filled onto the filter columns as presented in Fig. 3. A study
was then conducted to determine the treatment efficiency of
prepared water with a stable composition corresponding to
natural groundwater by filtration through the prepared acti-
vated filter materials. The removal efficiency was assessed
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on the basis of the water composition by analysis of the
water pollution indicators indicated in Directive 2020/2184.

The following contaminant factors were tested in the
raw water and the water filtered through activated filter
materials: colour, turbidity, conductivity, pH, total iron,
total manganese, COD-Mn, total hardness, ammonia nitro-
gen, nitrate nitrogen (V) and chlorides. The concentra-
tion of iron and manganese in the raw and filtered water
throughout the particular filter materials was determined
by flame atomic absorption spectrometry using a Thermo
Scientific iCE3500 atomic absorption spectrometer with
deuterium background correction. For the determination
of each element, their standard solutions were prepared in
50 cm?® flasks, allowing a standard curve to be made con-
sisting of 5 measurement points of different concentrations.
The reference sample was distilled water.

The study was carried out with a 3-fold repeatability of
analyses. Samples for testing were taken once every 24 h.
Statistica 12.5 software was used for statistical analyses to
calculate statistical values: arithmetic mean, minimum and
maximum, median, standard deviation and statistical error,
which is the result discrepancy of a unit measurement from
the real value. Correlations between individual pollution
indicators were also checked using Pearson’s correlation
coefficient.

3. Results and discussion

In the present study, natural filtration materials were
mobilised using KMnO, solution for a period of four weeks,
whereby each week was analysed separately. The modi-
fication process was supported electrolytically using cur-
rent generated by a constant voltage electrolyser. Particular
attention was also paid to the washing time of the investi-
gated beds. Real water treatment station operators highly
recommend filter materials that require the possible short-
est backwash time. In our study, there was evaluated the
efficiency of the filtration process from contaminants
presented in the Table 2.

The modification of natural materials is one of the
factors determining the efficiency of the iron and manga-
nese removal process, as fresh raw natural material does
not effectively eliminate them from the water. The pro-
cess requires time to build up the bed which depends on
local conditions and the degree of required water purifica-
tion. The activation efficiency depends on several factors:

fD—r—> power source

<

anode

cathode

v

%%
*- »  porous material filling
ol

v

v

KMnQ;, solution

N

Fig. 2. The stand for the electrolysis process tests. Source: Own
elaboration.

the presence of oxidisable or reducible manganese ions,
dissolved oxygen content, water pH and the features of
the filtration bed. Literature gives examples of different
materials modification with different process conditions
[9,13,33,39,52]. The Karami et al. [33] evaluated the effi-
ciency of manganese-modified pumice in the treatment of
water solutions. It was demonstrated that the removal of
the tested contaminants indicated an increase with higher
pH value, absorbent dose and contact time.

In the present study, a MnO, layer was attempted
to be produced from KMnO, by electrolytically assisted

Table 2
Raw water parameters

Pollution Concentration ~ Analytical method

parameter

Colour 15 mg/L Spectroscopic

Turbidity 1.5NTU Nephelometric

pH 7.2 Potentiometric

COD-Mn 10 mg/L Permanganate method

Fe total 1.0 mg/L Atomic absorption
spectrometry

Mn total 0.5 mg/L Atomic absorption
spectrometry

Conductivity 1,000 uS/L Potentiometric

Total hardness 500 mg-CaCO,/L.  Direct colorimetric titration

NH, 2 mg/L Spectroscopic

NO; 10 mg/L Spectroscopic

Cl- 500 mg/L Mohr’s method

Source: Own elaboration.
s1 52 Z1 Z2

Fig. 3. The stand for filtration process tests. Source: Own
elaboration.
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reduction. Additional natural reducing agents were used:
coffee bean infusion and lemon juice, which were tested by
Dinn et al. [53]and Chong et al. [54].

2H,0+2KMnO, +3(Mn)" - 5MnO, +4H" + 2K* 1)

2Mn"" +6e” — 2Mn" (reduction) )

Activation of the materials consisted of coating grains
with insoluble in water MnO, (according to the above reac-
tion). The process was assisted by electrolysis. The available
literature [35,55,56] reports that the most common process is
the oxidation of Mn(II) and Mn(III) ions to produce a MnO,
coating. The reduction reaction is less common as it requires
additional reducing agents. Wang [55] writes that oxida-
tion, however, occurs at elevated pH and excess of oxygen.
Using the solutions and materials described in the "‘Method’
section, we produced 8 different filter materials coated
with a layer of MnO, composed on the basis of sand and
aluminosilicates: fine-grained and coarse-grained.

After the KMnO, activation process, all materials
were washed.

As part of the research, the efficiency of the masses mod-
ification was assessed by the effectiveness of water filtration
through all the tested beds by reducing the concentrations
of contaminants that are typical in groundwater. For tech-
nologists and water treatment plant operators, colour is
one of the most important contamination control criteria.
In the conducted studies, water colour was of great impor-
tance, as activation experiments were conducted using a
KMnO, solution with a specific colour.

The results obtained for the removal of colour from
the tested water are shown in Fig. 4. Water colour, over
the course of each test period, showed varying results. The
highest values of this parameter reaching over 80 mg-Pt/L
were recorded in the water filtered through Z2 activated for
4 weeks without electrolytic support. In contrast, the most
effective water colour reduction was achieved by: S1, S2 and
Z1, without electrolytic support, which were achieved over
4 weeks of activation and in the 4th cycle of experiments.
The colour value varied between 20-30 mg/L. At the same

mg Pt/L
o~
3

S2-F = = 7] wmmmm o7]-F sseess o)

time, it should be noted that 1st week of testing in 1st cycle
of experiments allowed to obtain results within the standard
limits, that is, below 10 mg/L — significantly deviating from
the others. This was due to the fact that the activation time
was so short that the MnO, coating has not yet had time to
form from KMnO,. The coloured reagent was easily removed
during the rinsing process and did not increase the colour
value of the water. As the test time increased, the indica-
tor successively decreased with each test cycle. Increased
values were only noticed in the 3rd test cycle. In the 4th
cycle, the colour decreased with each successive day of bed
operation. In this cycle, the lowest indicator values were
recorded for all the filter materials analysed.

Turbidity measurement gives a general picture of the
state of water pollution. Its determination is essential in
the evaluation of drinking water and water for domestic
and industrial purposes. Throughout the study period, the
electrolytically activated Z2 filter bed allowed for the most
effective removal of water turbidity, with the parameter
decreasing from 59 to 7 NTU, as can be seen in Fig. 5 in the
4th filtration cycle. In the Z1 filter bed only chemically acti-
vated, the efficiency gradually increased with each cycle and
each successive series of tests. However, the electrolytically
activated S1 bed has filtered the water most efficiently. In the
last cycle, a decrease in turbidity to 1 NTU was observed.
A similar result was also achieved the 1st day of the 1st test
cycle, when the bed was still fresh, first activated chemically
and electrolytically. Effectively flushed out of the residues.
Turbidity was also well removed by the electrolytically acti-
vated Z1 material. Its lowest values were achieved in the
4th test cycle in all test series. It is worth noting that val-
ues not exceeding drinking water standards, that is, below
1 NTU, were recorded in the 1st and 4th series. Activation
with KMnO, solution proved to be effective in removing
turbidity by Z2. The index decreased successively every
day, and result closer to standard level was found in the
4th cycle. Unfortunately, the degree of purification did not
allow to reach the target range of 1 NTU, as can be seen in
Fig. 5. The worst results in purification were presented by
the S2 and S2-E bed. A slight decrease was recorded here
and also an increase in the last days of the 4th cycle.

Groundwater is chemically variable due to the dif-
ferent depths in the ground. The most common water

cycles/series 3 4

Fig. 4. The results of the colour removal from the water using tested filtration materials.
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contaminants exceeding accepted standards are iron
and manganese. These elements are a problem in water
treatment management. According to Directive (EU)
2020/2184 of the European Parliament and of the Council
of 16 December 2020 on the quality of water intended for
human consumption, the concentration of iron should not
exceed 0.3 mg/L. National standards in some countries,
for example, Poland, lower this level to 0.2 mg/L (Journal
of Laws 2017, item 2294). Over the whole course of our
research with all filtration materials, there was a trend of
lowering its concentration in all test cycles and series, as
shown in Fig. 6. One of the best filtration material turned
out to be Z1-E, which was electrolytically modified. It
allowed a reduction in total iron concentration below
0.3 mg/L over the entire test period. Furthermore, only in
the first test cycle its concentrations exceeded 0.2 mg/L. All
cycles and series succeeded with values within 0.1 mg/L.
Electrolytically activated Z2-E was also effective in remov-
ing iron from water. The highest Fe concentration in the fil-
trated water was noted in the first cycle in #2 series, reach-
ing 0.449 mg-Fe/L. As with the previous medium, the best
results were achieved in the 4th test cycle in all series. Z2
and Z1, which were not electrolysed, no longer allowed the
iron concentrations meet the standards. In the last cycles
and series, an increase in iron concentrations in the filtered

S1E S2

—— 51
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water was even noticed compared to the first two test series.
The sand and gravel filters did not respond very effectively
to both chemical and electrolytic activation. The standard
values were exceeded in most of the test cycles. The first
series in almost every cycle showed results close to the
iron concentration in the raw water. Repeated activation in
subsequent series or cycles had no effect. It should be men-
tioned that the individual test cycles were separated by fil-
ters backwashing. Thus, after completing the first series, the
beds were washed and another series of modification and
subsequent filtration was initiated. The first series of acti-
vation in all cycles proved to be insufficient for the tested
beds to effectively remove iron from the water. It was only
by extending the activation time and electrolytic support
that the required degree of water purification was achieved.

When groundwater is used for industrial and municipal
purposes, it is necessary, in addition to iron, to remove man-
ganese from the water to the standard value of 0.05 mg/L
indicated in Directive 2020/2184 [1] and most national stan-
dards [2]. The concentration of manganese in water depends
on its solubility and chemical composition. The highest
concentrations of this element can be observed in highly
acidified waters (e.g., swamp waters), in zones of sulphide
deposition or in thermal springs. The nuisance of elevated
manganese compounds is demonstrated by an unpleasant

......

22-E

cycles/series 3 4

Fig. 5. The results of the turbidity removal from the water using tested filtration materials.

09

— 51 —S1E S2 S2-E

0.8
0.7
0.6
0.5
04

mg/L

0.3
0.2

0.1

-0.1

= = 7] — s7]-F

22-E T

cycles/series

Fig. 6. The results of the removal of total Fe from the water using tested filtration materials.
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taste and odour and the formation of dark precipitates in
the water supply equipment and installations. It should be
bolded that it also interferes with the operation of differ-
ent devices and installation equipment, that is, filters and
water meters. As stated in the first part of the manuscript
[24-28], manganese is difficult to remove from water by tra-
ditional filtration methods at neutral pH. However, manga-
nese dioxide is used as a catalyst for the Mn removal process
[26,28,32,41,43]. Oxidation beds (high manganese ores), do
not require additional activation, so the effects of water puri-
fication from Fe and Mn compounds can be obtained from
the beginning of the filter operation [4,32,35,41]. Kaleta et al.
[30] noted that iron and manganese compounds retained
in an oxidation bed, using the phenomena of adsorption
and catalytic oxidation, are much more strongly bound to
the grain surface of this bed than Fe(III) hydroxides fed in
the form of flocs [28,41]. It is important that the removal of
manganese is not inhibited by iron, which will penetrate
the catalytic bed. For this reason, in this study, a lower
than average concentration of iron, that is, 0.5 mg/L, and
an elevated concentration of manganese, that is, 0.5 mg/L,
was introduced into the prepared raw water. The modifi-
cation of the beds, which was the aim of this study, led to
the formation of a MnO, cover on the grains of tested fil-
ter materials. Such process may improve water purification
in real water supply systems too. Catalytic activated beds
are specifically intended for the elimination of manganese
compounds from water and excessive amounts of iron as
well that remain after first-stage filtration, as noted by Tang
et al. [24]. In our own research, the first series of the first
cycle was notable for significantly elevated concentrations
of manganese in the water flowing out from the filters com-
pared to the raw water. The obtained results are shown in
Fig. 7. All beds were still raw and fresh, the MnO, was not
formed properly, while the short activation time did not
allow for its deposition. The increased amounts of Mn in
the filtrated water represented of both dissolved Mn(II) and
precipitated Mn(IV) recognized as turbidity. In subsequent
series and subsequent cycles, tested materials gradually
became more effective. Trends in manganese concentra-
tion in the filtered water were similar to iron concentra-
tion. Sand and gravel showed the lowest efficiency. In the
first test cycle and the first and second series, the S1 and

S1E S2
0.25

02

0.15

mg/L

0.1

0.05

19

S2 beds filtered water that contained manganese concentra-
tions higher than standards. This relationship was found for
these beds in each subsequent test cycle and the first two
series, where manganese concentrations ranged from 0.04—
0.1 mg/L. Series #1 represented a 1-week activation, while
series #2 represented a 2-week activation. In the case of sand
bodies, which are not highly porous, secondary flushing of
retained manganese in the water may have occurred. The
prolongation of the activation time and its repeatability in
successive batches allowed to achieve concentrations within
0.006-0.01 mg/L, which meets standard. KMnO, activation
of aluminosilicates (Z1 and Z2) gave better results than
sand. After the first two cycles in series #1 and #2, total
manganese was determined in the water within 0.1 mg/L.
In the subsequent series of first cycles, the concentration
decreased to 0.002-0.005 mg/L. Further cycles repeated
after filters backwashing and the last series in these cycles
resulted in a lowering of manganese to 0.0 mg/L. The elec-
trolytic modification support was the most noticeable when
observing changes in the concentration of manganese in the
filtered water. Each successive filtration cycle after filter bed
washing provided better results. Special attention should
be paid to the last series (#3 and #4) of the individual test
cycles. In series #3, the manganese concentration for each
tested bed decreased from 0.04 to 0.002 mg/L, with Z1-E
and Z2-E reaching 0.0 mg/L in the last cycles. In series #4,
on the other hand, where the activation time was 4 weeks,
Mn concentration in the filtered water was reduced to
0.0 mg/L from the beginning of the experimental run.
Elevated content of organic pollutants is difficult to
reduce in traditional filtration processes. What is more, it is
often advisable to protect WTS devices. The experiments car-
ried out in this study demonstrate that filter beds capable of
removing iron and manganese from water are not sensitive to
elevated levels of organic pollutants described as COD-Mn.
This indicator is commonly performed for the determination
of organic pollutants in water. In our study, the changes in
its values are shown in Fig. 8. COD-Mn reached values of
up to 8 mg/L for each of the samples. This appeared to be
the case at the start of each new test cycle after filter wash-
ing. The backwash and short activation times failed to effec-
tively retain organic contaminants in the bed. As mentioned
before, there was 10 mg/L of COD-Mn in the raw water. Thus,

Z2-E

cycles/series

Fig. 7. The results of the removal of total Mn from the water using tested filtration materials.
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each time there was a reduction of 10%-30%. This irregu-
larity appeared on the 1st day of all cycles. Then gradually
decreasing COD-Mn values were read in the other series and
cycles. Only in bed S2 were higher values found, ranging
from 5-7.7 mg/L. A linear decrease over the activation time
can be read in the beds where activation was assisted elec-
trolytically: S1-E, S2-E, Z1-E and Z2-E. Among all electrolyt-
ically-activated materials, the best organic reduction effects
were observed for the aluminosilicates. During the last weeks
of activation in test cycles #3 and #4, COD-Mn was lowered
to 1 mg/L in the filtered water. The non-electrolysed beds
showed a lower organic pollution level of less than 5 mg/L.
Elevated iron and manganese concentrations are some-
times accompanied by significant amounts of ammonium
nitrogen [38]. It complicates standard water treatment pro-
cesses. For this reason, the N-NH, content in the filtered
water was assessed in our study. According to Directive
2020/2184 [1], the N-NH, concentration should not exceed
0.38 mg/L (with an ammonium ion concentration of
0.5 mg/L). In the conducted studies, the changes in the
concentration of ammonia nitrogen (Fig. 9) were observed.
The first series of tests in the first cycle was similar to other
analysed pollutants. With the raw water, 2 mg/L of ammo-
nia nitrogen was introduced into the filter columns. Its

concentration at the beginning of the study for all tested
materials decreased slightly and oscillated around 1.9 mg/L.
The lowest values were recorded for Z1-E and Z2-E, which
did not exceed 0.1 mg/L. Ammonia nitrogen was removed
from the water equally effectively by Z1 and Z2 media. For
all aluminosilicate-based materials, a linear relationship was
found in the process of N-NH, decrease with activation
time. A gradual lowering of the index is also seen in S1 filter.
In cycle #3, the indicator decreases to about 0.03 mg/L and
stays constant until the last day of the experiments.

Over the course of the research it should also be noted
that all tested beds showed the best results after prolonged
activation time, that is, 3 and 4 weeks. It is confirmed by
the investigations carried out in each of the subsequent test
series. Inglezakis et al. [37] and Kaleta et al. [30] write that
MnQ, is a strong oxidant component found in the outer lay-
ers of the filter material grains. This is confirmed by Zeng et
al. [29] and Lima et al. [55], who indicate that it has a sorp-
tion capacity and also acts as an oxidant of Mn(Il) ions to
Mn(IV). Activated bed with MnO, allows the water to be free
of manganese without preliminary alkalinisation [8,38,41].
It is very common for groundwater treatment technology
to use filter materials slowly covered with MnO, during fil-
tration process. Literature [22,33,38,50] states, this base on

cycles/series 3 4

Fig. 8. The results of the removal of organic compounds as COD-Mn from the water using tested filtration materials.

cycles/series 3 4

Fig. 9. The results of the removal of N-NH,~ from the water using tested filtration materials.
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gradual filtration of aerated water containing elevated con-
centrations of Fe(Il) and Mn(Il), where their oxides grad-
ually coat the bed grains. These coatings are permanent
and create a surface oxidation layer.

Reached own results on Fe and Mn removal show
higher efficiency for modified masses. There may be con-
cluded then electrolysis improve the properties of filtra-
tion materials and they are able to purify water even better
reaching effectivity over 90% for the process of iron and
manganese reduction. Raw natural sand tested by many
authors [22,28,35,27,38,39] as filtration bed focused on Fe
and Mn removal appears as low effective with results max.
61% and 35% Fe and Mn removal, respectively. Scientists
[22,28,35,27,38,39] bold that fine sand and gravel are the
best materials at filtration water polluted by suspension,
turbidity and different types of sediments. Natural alu-
minosilicate was successful in ammonia form separation
from the water and quite high effect of COD decrease.
This material is not useful for Fe and Mn removal. As
cited in the literature [28,30,36] it is used mostly for nitro-
gen forms removal. Modification of natural materials
brings better response. Modified sand (called manganese
sand) reaches some oxidation features and stops iron pre-
cipitated form with max. 75% and manganese with 62%.
Efficiency of COD and N forms removal is also increased.
On the other hand modified aluminosilicate becomes com-
mon filtration bed used in groundwater treatment and suc-
cessful in Fe and Mn removal. It has high effect of COD

Table 3
Own results comparison to other investigated materials

and ammonia removal too. Own experiments have shown
that longer modification time better filtration materials
features for water treatment from impurities presented in
Table 3. Additional modification support using electrol-
ysis might be recommended if we want to achieve better
filtration efficiency in the shorter time.

There are many ways of naturals materials modifica-
tion. In the present study, experiments were performed on
the activation of filter materials with KMnO, solution with
electrolytic support and the reduction of Mn(VII) to Mn(IV)
using natural reductants such as coffee infusion and lemon
juice. On the other hand, Azari et al. [34] investigated modi-
fication of carbon nanotubes for the reduction method of the
conversion of divalent iron to zero-valent iron and a co-pre-
cipitation of iron particles on investigated carbon nanotubes.
The process was assisted by a magnetic field. The modified
carbon nanotubes were found to have a high potential for
rapid and efficient removal of nitrogen forms from water
and then easy separation from solution using a magnetic
field. Another research team [52] tested the adsorption of
specific contaminants on ultrasound-assisted iron oxide
and graphene oxide nanocomposites. Our own experiments
have based on other physical process of electrolysis and
reduction of KMnO, to MnO, by natural reductants — cof-
fee infusion and lemon juice. Similar reductants were pre-
viously conducted by Dinn et al. [53] and Chong et al. [54].
The advantage of these reductants is that the reactions can
be carried out at room temperature in any equipment and

Material Fe removal Mn removal COD removal NH, removal source
effect (%) effect (%) effect (%) effect (%)

1 Sand 15-61 7-35 5-40 5-27 Cai et al. [35]
Bruins et al. [22]
Inglezakis et al. [37]
Adelman et al. [38]
Munter et al. [28)
Skoczko [39]

2 Modified sand 15-75 8-62 8-55 5-35 Tang et al. [24]
Inglezakis et al. [37]

3 S1 61-88 87-99 25-77 77-91 Own exp.

4 S2 59-85 86-99 15-71 79-90 Own exp.

5 S1-E 76-98 87-100 32-80 80-94 Own exp.

6 S2-E 66-97 91-100 30-80 81-92 Own exp.

7 Aluminosilicate 12-86 945 9-58 15-65 Munter et al. [28]
Lima et al. [36]
Kaleta et al. [30]

8 Modified 15-85 9-65 12-77 21-80 Munter et al. [28]

aluminosilicate Truong et al. [44]

Aghoyeh and Khalafi [45]

9 Z1 62-93 89-98 31-82 82-95 Own exp.

10 Z2 70-91 91-100 28-90 81-93 Own exp.

11 Z1-E 83-93 86-100 40-90 85-98 Own exp.

12 Z2-E 80-99 94-100 38-90 88-97 Own exp.

Source: Own elaboration based on own results and the literature cited in the table.
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devices. They are not harmful to human health nor to the
environment and are easy to flush out excessive amounts.
Duffy et al. [57] mention they are low-cost reactants, so
they can be used on a large scale. Activation within our
own research has produced new MnO,-layered deposits
from natural sand, gravel and aluminosilicates. Electrolysis
carried out in parallel on separate samples of the materials
helped to fix the oxide layer on the surface of the grains
and to accelerate its precipitation reaction. The electrolytic
method to produce MnO, was previously tested by many
researchers mainly in the field of metallurgy [27,58-60].
This included the oxidation of Mn(II) to Mn(IV). According
to Wang [60], the preparation of a purified MnSO, solution
is the first element needed to electrolytic MnO, layer cre-
ation. The produced fine-grained precipitate had a very
high specific surface area, which can be used in processes
such as purification of various solutions mainly from heavy
metals. The sludge was mostly precipitated on the cathode,
as confirmed by Mahmudi et al. [60]. No additional fill-
ing with porous material was used in the reactor as in our
study. This feature has made the our studies described in
the article different from others. The manganese oxide pro-
duction process was successful, especially after the 3rd and
4th test cycles. The full period of research carried out there-
fore included four activation phases per cycle and four test
cycles, translating into a total of sixteen activation phases.
The entire process allowed MnO,coatings to be produced on
a neutral natural material with sand and aluminosilicate. It
was observed that the efficiency depended on several fac-
tors: the content of Mn(IIV) ions, which were introduced
in significant excess, the presence of reducing substances
and, above all, the structure and skeleton of the natural
material.

It was noted through experimentation on the water filtra-
tion through newly generated catalytic beds that the chem-
ical composition of the coatings depends on the chemical
composition of the water, and that certain ions in the water
reduce the effectiveness of the beds. This is the case with
hydrated iron oxides or CaCO, particles. By their presence,
they limit the coating’s contact with MnO,, depositing limes-
cale and residues that limit grain contact with the water. In
the criteria for assessing the suitability of filter materials,
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Fig. 10. The amount of created MnO, on tested materials
grains. Source: own investigation.

the time of materials auto-activation is important, as high-
lighted by Li et al.. The process occurs under the influence
of manganese ions in the form of KMnO,. As part of the
research the mass of precipitated MnO, on individual filter
beds was additionally, as shown in Fig. 10. The initial test
series was not associated with significant precipitation of
the MnO,coating. Among the four tested materials, the least
amount of manganese coating was deposited on the coarse
gravel and filter sand (S1, S2). In the first test cycle it was
below 300 mg MnQO, /kg, while in the second test cycle it was
868 mg/kg and 968 mg/kg, respectively. A marked increase
in the deposited catalytic layer was observed in the 3rd and
4th test cycles. In the case of aluminosilicates, a high grain
coating effect was achieved for Z1 and Z2 as well. It was
noticeable especially in the #3 and #4 test cycle. For fine
aluminosilicate Z1 the coating mass reached 2800 mg/kg
and for coarse aluminosilicate Z2 — 3,233 mg/kg.

Backwashing is one of the most important opera-
tions during the service of the filter materials. As a result,
it ensures optimal filtrate quality.

The washing time of the filter beds indicated in Table 4
was not constant and varied for each material. Porous beds
not electrolytically modified were the longest rinsed from
the KMnO, solution. It is worth noting that the electrol-
ysis process significantly reduced the final washing time
for the sand (S1) from 95-8 min after 4 weeks of electro-
lytic activation support. A similarly short final washing
time was for the fine aluminosilicate (Z1), which showed
a clear filtrate after 9 min. The Z2 bed was the most dif-
ficult to rinse. The initial rinsing time reached almost
3 h, but was reduced to 80 min after 4 weeks of chemical
activation and its electrolytic assistance.

In practice, filtration material washing with potassium
permanganate solution is carried out every 3-6 months and
it is called bed regeneration. It is often not well made due
to the difficulty of removing the excess of the KMnO, which
has characteristic purple colour. The stability of new coat-
ing is also rarely tested. Wrong conservation leads to worse
removal effects and oxidation properties lost by the filtra-
tion bed. On the other, proper activation and regeneration
of the bed with KMnO, allows to obtain good results in the
removal of manganese and iron forms from waters [55-61].

Table 4
Washing time of the tested filter materials until the reactant is
fully washed out

Washing time of filter materials (min)

Cycles/ 1 2 3 4

seies g N E N E N E
s1 95 50 92 40 45 35 35 8
s2 105 70 94 65 60 30 55 29
Z1 52 3 43 25 20 15 10 9
72 165 150 160 140 150 127 135 80

N — natural conditions; E — electrolysis;
Source: own investigation.
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4. Summary

Groundwater is usually high in soluble forms of Fe(II)
and Mn(II) ions. The process of removing them from the
water involves oxidising to insoluble forms and separation
by filtration. The most effective is filtration through an spe-
cific bed of catalytic and/or oxidation nature, where MnO,
is one of the components. The active MnO, layer on neutral
filter material grains allows both adsorption and oxidation
of dissolved manganese, iron, and sometimes ammonium
ions, organic pollutants, as well as colour and turbidity in
the water. This oxide may cover grains of the filter mate-
rial during traditional filtration. It can also be produced
by oxidation of Mn(II) to Mn(IV) or reduction of Mn(VII)
to Mn(IV) by industrial chemical processes. Artificially
coated grains are not as durable and effective compared to
natural processes. On the other hand natural modification
takes time up to 4-6 weeks what is a major disadvantage.

For this reason, research was carried out on the chemi-
cal activation of selected natural minerals (sand, gravel and
aluminosilicates of different granulations) with coatings
that accelerate the removal of iron and manganese from
groundwater. In order to shorten the activation time, the
coating process was supported by an electrolysis. Chemical
activation based on KMnO, reduction to MnO, using nat-
ural reducing agents — lightly roasted coffee and lemon
juice. The studies were conducted in 4 series from 1 to
4 weeks and in 4 test cycles separated by filter backwash-
ing. The half of the samples were modified only chemically
and the half — chemically and physically with electrolysis
(12 V and 120 A).

5. Results of our experiments let to draw conclusions

The minerals that best adsorbed the generated MnO,
were aluminosilicates of both finer and larger grain sizes.

¢ Over the entire test period, the electrolytically activated
Z2-E and Z1-E allowed the most effective reduction in
turbidity of the water. The lowest values were achieved
in the last test cycle, below drinking water standards,
that is, below 1 NTU, recorded in the 1st and 4th series.

® The trend in iron removal from water was similar. The
best filtration material turned out to be electrolytically
activated Z1-E. The concentration of total iron was
reduced below the Drinking Water Directive 202/2184
standards. Only in #1 test cycle Fe concentration exceed
0.2 mg/L, all subsequent cycles and series showed val-
ues app. 0.1 mg/L. Electrolytically activated Z2-E was
also effective. In contrast, chemically modified filers
did not allow meet standard.

e Tested aluminosilicates (Z1, Z2, Z1-E, Z2-E) showed the
best efficiency in purifying the water from considered
contaminants defined in the Drinking Water Directive
202/2184 L and were able to decrease the manganese
content in the water to the permissible value intended
for human consumption, that is, below 0.05 mg/. Sand-
and gravel-based beds showed the lowest efficiency in
Mn removing. Special attention should be paid to the
last series (#3 and #4). In series #3, the manganese con-
centration for each tested bed decreased from 0.04 to

0.002 mg/L, with 0.0 mg/L achieved for Z1-E and Z2-E in
the last cycles.

e The electrolytically modified aluminosilicates effec-
tively reduced organic contaminants (COD-Mn) in the
water. During the last weeks of activation in test cycles
#3 and #4, COD-Mn was reduced in the filtered water
from 10 to 1 mg/L.

¢ In natural groundwater, elevated concentrations of iron
and manganese are usually accompanied by significant
amounts of ammonium ion. Therefore, its content in the
filtered water was assessed in the described studies. The
lowest values were recorded for Z1-E and Z2-E, which
did not exceed 0.1 mg/L. The Z1 and Z2 beds, which
were not electrolytically modified, were equally effective
in removing ammonium nitrogen from the water reach-
ing concentrations between 0.2-0.3 mg/L. For all alu-
minosilicate-based media, a linear process dependence
of the decrease in ammonium nitrogen concentration
with activation time was found.

e Qverall, it should also be noted that all beds showed the
best results after a longer activation time, that is, 3 and
4 weeks. The first series of activation in all cycles proved
to be insufficient for the tested media to effectively
remove most contaminants from the water. Only pro-
longed activation time and electrolytic support allowed
to achieve the required levels of water purification.

¢ MnO, coating on tested natural non-manganese miner-
als was under investigation in the presented study too.
The chemical formation and maintenance of the MnO,
coating was supported with an electrolysis. As a result,
the amount of precipitated manganese oxide on the nat-
ural minerals grains was measured after a time from 1 to
4 weeks. The starting test series was not associated with
a significant precipitation of the MnO, coating on grains.
A clear increase in the deposited catalytic film started
in the #3 and was the highest in the #4 test series. High
MnOQO, coating effect was achieved particularly for both
aluminosilicates: for Z1-E it reached 2,800 mg/kg and
for Z2-E - 3,233 mg/kg.

e From an exploitation point of view, filters washing is
one of the most important procedures during the main-
tenance of a Water Treatment Station. It also ensures
optimal filtrate quality. Therefor backwash times for fil-
ters filled with modified materials were also observed
in the study. The longest rinsing time was spent on
KMnQO, activation solution from porous media. It is
worth noting that the electrolysis significantly reduced
the backwash time especially for the sand bed (51) from
95 min to 8 after 4 weeks of electrolytic activation. A
similarly short final washing time was measured for
the fine aluminosilicate (Z1), which produced a clear
filtrate after 9 min.
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