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Abstract: The concept of the W.E.S (Wood-Energy-Sanitation) for raising awareness among populations far from the
distribution networks of drinking water is established. The process of decontaminating filter columns made up of natural
charcoal (NC) as porous non-expansive absorbent/adsorbent materials such as pozzolan (Pz) is experienced. The contribution of
the NC to the filtering power of the Fe°-based filters, whose decontamination involves the electrochemical oxidation processes of
Fe®, and corrosion products (CPs) that can cause a blockage of the reactive surface is studied. To do this, seven systems were
tested with reactive zones (RZ) respectively consisting of (1) C (pure NC), (2) Pz (pure Pozzolan), (3) Fe°/C (iron/NC), (4)
Fe°/Pz  (iron/Pozzolan), (5) Fe°/S/C (Iron/Sand/NC), (6) Fe°/S/Pz (Iron/Sand/Pozzolan), (7) Fe°/S/Pz/C
(Iron/Sand/Pozzolan/NC). OM (orange methyl) of 2 mg/L concentration was used as operative indicator. The experiments lasted
40 days per device. Performance parameters such as pH, residual iron, OM discoloration and flow rate were measured. As a
result, it appears that the NC alone or associated in the Fe°/C, Fe°/S/C devices has a better filtering power than the Pz. The
combination of NC and Pz in the same Fe®/S/Pz/C device improves strikingly the results, such as Fe®/S/Pz/C > Fe°/S/C >
Fe°/S/Pz > Fe°/C > Fe°/Pz > C > Pz. Combining two non-expansive porous materials in the RZ stabilizes the Fe°/S/Pz/C-filter
and improves its lifespan.
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by 3.7% per year [2]. In 2002, diarrhoeal diseases and malaria
resulted in an infant mortality rate equivalent to 21% in
developing countries where access to safe drinking water
remains limited [3-5]. However, various sanitation techniques
have been proven, including Fe°-based filters. The 100%
Fe°-filters are subject to rapid clogging and should not exceed
60% in the filtering device. The best-performing devices are
25% in FeC-filters [6-9]. The combination of Fe® and Sand (S)
is a way to limit rapid clogging and to remedy the problem of
chemical compaction of the iron bed due to corrosion products
(CPs) [10-15]. The limitations of binary filters, i.e., the not
insignificant concentrations of residual iron, have shown the
need to associate with Fe®/S devices, a porous, non-expansive
material such as pozzolan (Pz), capable of collecting Fe°CPs
and de-cluttering the reactive surface [16]. Thanks to its varied

1. Introduction

Wood is the main source of energy for cooking food for
people in southern countries, particularly in sub-Saharan
Africa. The product of its partial combustion provides natural
coal (NC), a source of energy for households for whom other
forms of energy are expensive. The concept of W.E.
(Wood-Energy) [1] is the use of wood as an energy source,
although it causes significant degradation and major
environmental risks. However, this concept can be extended to
that of the W.E.S. (Wood-Energy-Sanitation) in order to
provide drinking water to populations while valuing wood
waste. The W.E.S. needs to raise awareness of the ecology and
recovery of waste, as NC production worldwide is increasing
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physicochemical characteristics, Pz, with neutral pH, has an
average chemical composition of 45% of SiO,, 15% ALO;,
15% Fe,05 and other minor oxides [11, 17]. It is a low-density,
high porosity material with water absorption capacity and
odor, and a large specific area [18-20]. The work of Makota et
al. have shown that the proportions of materials that make up
the Fe°/S/Pz ternary devices for good discoloration in orange
methyl (OM), a good pH correction, and a net mitigation of
residual iron would be 25% < Fe < 60%, 25% < S <50%, 25%
<Pz <50% [21]. However, access to the Pz remains difficult
for many households. The NC could be an alternative to the
Pz, and a means of enacting the concept of W.E.S. and valuing
the NC initially considered only as an energy source (W.E.).
NC, by its porous structure, can capture and fix many toxic
molecules in water. It can also house microbial life capable of
contributing to the clean-up of water according to wood
quality [22]. NC is mainly composed of 75-80% carbon,
mineral materials and residual volatile compounds 20-25%.
The study of its physicochemical characteristics reveals a high
porosity, a low density, a capacity to absorb water and odors.
Its absorbent and adsorbent properties give it great application
for filtration and water purification [22-25]. So, pure C, Fe°/C,
Fe°/S/C, have been tested to find out if the NC could be an
alternative for Pz in Fe°-filters. This work consists of
determining through the OM as operative indicator, the NC's
contribution to the performance of Fe°-based filters, and the
ability to replace, or support Pz’s responsiveness through a

quaternary Fe®/S/Pz/C filter. Performance parameters such as
pH, |Fe], discoloration, and flow were measured by 100% C,
100% Pz, 25%/75% Fe°/C, 25%/75% Fe°/Pz, 25%/50%/25%
Fe°/S/C, 25%/50%/25% Fe°/S/Pz, 25%/25%/25%/25%
Fe°/S/Pz/C.

2. Materials and Methods
2.1. Solutions

OM is used in acid-base dosages as a coloured indicator.
Its cornering zone is between [3.1-4.4] and allows to mark
the presence of an acid medium, it turns red, or a basic
medium, it turns yellow. It naturally has a great affinity for
solid surfaces of opposite loads such as certain Fe°-CPs [29,
30]. The OM comes from KEM LIGHT PVT Laboratories.
LTD, Mumbai, India. The solution used has a concentration
of 2.0 mg/L; the pH value is 5.2, this concentration is chosen
to be close to natural pollution conditions [31]. A standard
iron solution, 990 pg/mL from Aldrich Chemical Company,
Inc. (Milwaukee, WI, USA) was used to calibrate the
spectrophotometer. The L (+) -ascorbic acid from E.
MERCK, Darmstadt. 90% ecthanol; sodium acetate from
ANALAR; 1.10 o-phenanthroline from NORMAPUR used
as a reagent for Fe** complexation require for
spectrophotometric reading, 0.2 g/L concentration [32-34].

Four (4) materials were used to carry out our work, Table 1.

Table 1. Granulometry, source, Symbol and nature of the materials used, ' North Region, *South West Region, *Littoral Region, *Communal Market in Cameroon.

N° Materials Symbol Granulometry Source Nature
1 Sand S 1 mm Collected (NR") Adsorbent
2 Pozzolan Pz 2 mm Collected (SWR?) Porous Absorbent/Adsorbent
3 Coal C 2 mm Collected (LR?) Porous Absorbent/Adsorbent
4 Fe° Fe° <1mm Collected (CM*) Adsorbent Generator

2.2. Solid Materials 2.2.3. Pozzolan

2.2.1. Metal Iron

The iron used in this work is iron wool made by the steel
mills of Cameroon (Douala, Cameroon) and marketed in the
various local markets; its granulometry is less than 1 mm. This
material has shown its effectiveness in discoloring methylene
blue [26]. It is used without treatment. The X-ray fluorescence
analysis reveals: 0.62% Mn, 0.52% Si, 0.23% Cu, 0.2% Cr,
and 0.09% Ni.

2.2.2. Sand

The sand (S) used is a natural material taken in the Vina
River (Cameroon), washed and rinsed with water boiled at
100°C for 3 hours and then dried at 110°C for 4 hours, it
constitutes the different layers L, (upper), L, (intermediate or
RZ) and finally L; (lower). For its availability and mixing
agent, sand was used in Fe’/H,O systems (Anderson, 1886;
Devonshire, 1890). The average chemical composition per
X-ray diffraction reveals: 81.5% SiO,, 5.60% Al,Os, 4.71%
Fe,0;, 3.86% CaO, 1.75% TiO,, 0.91% K,0, 0.48% P,0s,
0.26% S03, 0.32% MnO, 0.08% SrO, 0.03% V,0:s.

The pozzolan (Pz) used comes from Idenau (Southwest,
Cameroon) and has undergone the same pre-treatment as
sand. It is L, layer (RZ). Pozzolan has a porosity of 60%
which serves as a reservoir for Fe°CPs (Dron 1975; Kofa et
al., 2015; Ndé-Tchoupé et al., 2018) and has adsorption and
absorption properties. The average chemical composition per
X-ray diffraction is: 81.18% SiO,, 10.00% ALOs;, 2.19%
Fe, 03, 0.59% Ca0, 0.46% Ti0O,, 3.60% K,0, 0.05% MnO,
0.02% SrO, 0.02% ZrO,.

2.2.4. Natural Charcoal

Charcoal is the result of carbonization; it comes from the
coal stoves of Ndogbong (Douala, Cameroon), it has
undergone the same pre-treatment as the S and the Pz. It is the
L, layer (RZ). Its adsorption capacity has been known for a
long time and has been used in many areas such as water
purification, and well sanitation [22]. The wood is made up of
three (3) main constituents: cellulose, lignin and water.
Cellulose and lignin, plus other substances, are strongly linked
to form the material called wood. The first step in
carbonization is drying at 100°C until the anhydrous state. The
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temperature of the dry wood is then raised to about 280°C, a
temperature at which the dry wood begins to decompose
spontaneously to give charcoal. At 500°C, the carbon content
is 85%, and 10% of volatile elements. The carbonization was
carried out in the coal mines of the local market, with
temperature regulators. The resulting coals were calibrated as
mentioned in Table 1 and have undergone the same
pre-treatment (washed and dried) as the S and the Pz. It is the
L, layer (RZ). Adsorption tests were performed on all samples
outside the filters. However, only the performance of the RZs
is taken into account in this manuscript Table 2 below. The
adsorption tests performed are used to assess the amount of
adsorbed.

0= (%55) v

Qe is the amount adsorbed per gram of coal in mg/g. Cr is

the concentration of the species in solution at the moment t in
mg. Co is the initial concentration of the solution in mg/L. V is
the volume of the solution initially introduced in L. Mass (m)
of the adsorbent in g [22, 23, 50-58].

The chemical composition is determined by the
contribution of MIPROMALO (Mission for the Promotion of
Local Materials) in Yaounde- Cameroon.

2.3. Procedure

We experimented with seven (7) filter devices including
two (2) 100% material devices, two (2) binary devices, two (2)
ternary devices and one (1) quaternary device. The column is
made of polyethylene and each filter has a total material mass
of 220 g, including the top layer L; (m = 60 g of sand),
intermediate layer L, (m = 40 g RZ) and lower layer L; (m =
120 g of sand). All devices are equal in total mass of materials.

Table 2. Composition of the reactive zone (RZ) of each filtering device. The masses of materials are expressed in gram (g) and percentage (%)

N° Devices Fe® () Fe® (%) S (g) S (%) Pz () Pz (%) C () C (%)
1 C 00 00 00 00 00 00 40 100
2 Pz 00 00 00 00 40 100 00 00

3 Fe*/Pz 10 25 00 00 30 75 00 00

4 Fe°/C 10 25 00 00 00 00 30 75

5 Fe°/S/Pz 10 25 20 50 10 25 00 00

6 Fe%/S/C 10 25 20 50 00 00 10 25

7 Fe/S/PZIC 10 25 10 25 10 25 10 25

‘ I | (L) Specific Reactive Zones with
(1)-100%Pz
’ = | @)-100%C
: - | (3) - 25%/75% Fe®/Pz
R (4) - 25%/75% Feo/C
.

‘ ’ (5) - 25%/50%/25% Fe®/S/Pz

(6) - 25%/50%/25% Fe°/SIC

T—ﬁ (7) - 25%/25%/25%/25% Fe®/S/Pz/C

Figure 1. The seven (7) experimental filtering devices, with specific Reactive
Zones.

L, ensures a distribution of raw water over the entire
filtering device, decreases the energy or strength of the
incoming contaminated water that can disturb the reactive
layer, ensures the constant height of the polluted water; Ls,
however avoids the phenomenon of air bubbles under the RZ,
regularize or improve the flow [35].

2.4. Analytical Methods

The [Fe] and OM were determined by Sigma-Aldrich Inc.'s
Spectront pharo 300 UV-Vis spectrophotometer (St. Louis,

MO, USA). The wavelength for the OM is 461 nm and for the
iron solution is 510 nm, the tanks used are 1.0 cm. The
determination of [Fe] was made by the 1.10-
Orthophenanthroline method [32-36]). The PH values are
obtained by an electrode pH (WTW Co, Weilheim, Germany).

2.5. Introducing Experimental Results

The OM content in the filter is determined by UV-visible
spectrophotometer at A = 461nm Ling type 9100-9400 whose
spectral range extends over a range ranging from 320-1100 nm.
The effectiveness in discoloring the initial OM filter (c,)
depending on the residual OM content, the effectiveness (E) to
discoloration is given by the relationship:

E(%) = (1 - g—Z) x 100.

Residual iron is determined according to the 1.10
Orthophenanthroline ~ protocol  [36]. The  UV-Vis
spectrophotometer is read at A = 510 nm.

3. Results and Discussion
3.1. Filtering Power and Performance of NC

Figures 2, 3, 4, and 5 successively represent the rates of
OM discoloration (2 mg/L) for single-material devices in
the RZ, 100% C and 100% Pz, binary devices 25%/75%
Fe°/Pz and 25%/75% Fe®/C, ternary devices 25%/50%/25%
Fe°/S/C, 25%/50%/25% Fe°/S/Pz, and finally a quaternary
device consisting of a 25%/25%/25%/25% Fe®/S/Pz/C RZ.
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The columns 100% Pz, 25%/75% Fe°/Pz, 25%/50%/25%
Fe®/S/Pz confirm the ability of the Pz to eliminate OM [21],
as well as methylene blue [16]. The performance of the 100%
C, 25%/75% Fe°/C devices, 25%/50%/25% Fe°/S/C that
involve NC are superior to those of the Pz and Fe°-Pz. We
also observe for the six (6) devices a net and progressive
loss of efficiency beyond the thirty (30) days; this failure
decreases with the number of materials associated with Fe®
in the RZ. As a result, the 25%/25%/25%/25% Fe®-system
with a RZ (Fe®, S, Pz, C) with four (4) materials of which
two (2) porous (Pz, C) is perfectly stable during the
forty-five (45) days of experimentation, with a
decontamination  rate of  98-100%. The OM
decontamination rates for the seven (7) devices evolve as
follows: 25%/25%/25%/25% Fe°/S/Pz/C > 25%/50%/25%
Fe°/S/C > 25 25%/50%/25% Fe°/S/Pz > 25%/75% Fe°/C >
25%/75% Fe°/Pz > 100% C > 100% Pz.

Indeed, the process of decontamination of Fe°-filters is
already proven [5-9, 16, 21]. The reactivity of the Fe® involves
electrochemical reactions of the wet corrosion of iron; CPs
such as Fe,0s, Fe;04, Fe(OH),, Fe(OH);, FeOOH ([13,37] are
contaminant collectors because of their absorbent properties
for a wide range of soluble species [38-42]. The reactivity of
the Fe°-based filters to the contaminants is related to the
affinity of the oxide layer to the present species and not with
passivated iron ([31, 43-44]. But since 100% Fe°-filters are
prone to rapid clogging ([45-47], the combination of a porous
material Pz, or at best the NC, seems to support the reactivity
of Fe°-filters. Pz [11, 17-25] are porous non-expansive
absorbent/adsorbent materials. The presence of the SiO, in the
Pz could explain the inferiority of the performance of the Pz
compared to the NC. Indeed, the SiO,, whose reactivity
depends heavily on Si-OH silanol groups, has negative surface
loads favourable to the fixation of opposite load species; this
would explain possible repulsion phenomena from anionic
coloring OM to pH studied [15]. The 25%/25%/25%/25%
Fe®/S/Pz/C device with the lowest SiO, content is the best
performing. The concomitant reactivity of two porous
materials within the RZ appears to stabilize the Fe°-based
filters for a long time, and the loss of porosity is further
delayed. This is an excellent result, and a great way to prevent
water-borne diseases in the countryside with a protocol within
reach of all fellowships.

These results can be improved thanks to the introduction
into the RZ of natural wood species with variable
absorption/adsorption capacities, Since the use of NC as an
energy source is part of the daily lives of many African
households, it is available [22, 23, 50-52, 87]. The study of its
physicochemical characteristics reveals high porosity and
absorption capacity [22, 23]. Wood is a cellular, hygroscopic,
anisotropic and compact, more or less hard material that
makes up the trunk, branches, and roots of trees and shrubs; it
is biodegradable [50]. Some species are abundant in tropical
forests, such as Ayous, Moabi, Movingui, Padouk and Tali
varieties [51]. Ayous, or triplochiton scleroxylon, from the
Sterculiaceae family, is a light wood that dries quickly in the
air [52]. Movingui or Distemonanthus benthamianus of the

leguminosae family is a hardwood used as firewood and for
coal production [53]. Padouk or Pterocarpus soyauxii, is a
strong and hard wood [54].
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3.2. pH and Performance of NC

Figures 6, 7, 8 and 9 represent the pH measured for
forty-five (45) days from the seven (7) experimental devices
in the presence of OM (2 mg/L). RZs are specific, 100% C,
100% Pz, 25%/75% Fe/C, 25%/75% Fe/Pz, 25%/50%/25%
Fe/S/C, 25%/50%/25% Fe/S/Pz, and 25%/25%/25%/25%
Fe/S/Pz/C. The initial pH of contaminated water is 5.2. We
observe a pH increase in filters collected for the seven (7)
devices. They range from [6.3-6.6] 100% C, [6.5-7.1] 100%
Pz, [6.3-6.6] 25%/75% Fe/C, [6.5-6.9] 25%/75% Fe/Pz,
[6.4-7.0] 25%/50%/25% Fe/S/C, [6.3-7.4] 25%/50%/25%
Fe/S/Pz and [6.5-7.1] 25%/25%/25%/25% Fe/S/Pz/C. Thus,
pH correction is effective for all devices, values are included
in the intervals recommended by WHO [3, 33].

The elimination of OM results in increased pH, a process in
which the reactivity of Fe° is ensured by CPs; the
consumption of H-ions induces an increase in pH. [5-9, 13, 16,
21,31, 38-43]; S’s reactivity is ensured by surface phenomena
of silanol groups that have an affinity for opposite-load
species such as protons, and vice versa by repulsion [45-47].
Pz reacts both by surface phenomena by adsorption, and by

absorption phenomena due to its very high porosity ([11,
17-20]; finally, the NC reacts by its porosity [22-25]. Such a
result comforts us in the choice of NC as materials for water
sanitation since it rivals perfectly with the Pz and remains so
easy to access because it is present in many households.
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3.3. [Fe] in the Collected Water

Figures 9, 10, 11, and 12 depict the released iron in the
collected water during the forty-five (45) days of
experimentation with the seven (7) filter devices and the

respective ZRs below: 100% C, 100% Pz, 25%/75% Fe/C,
25%/75% Fe/Pz, 25%/50%/25% Fe/S/C, 25%/50%/25%
Fe/S/Pz, and 25%/25%/25%/25% Fe/S/Pz/C. We observe that
all devices involving C have lower residual iron levels than
their counterparts with Pz. So, we observed the increasing
order of released iron in the collected water as followed:
[Felioon ¢ < [Felioows pes [Felasowsrswn reorcs < [Felasowrsos reormas
[Felasosonnsw rensic < [Felasousoninsw rerspz. 100% C and
25%1/25%1/25%/25% Fe°/S/Pz/C have the lowest residual iron
levels, and the proportions 25% < Fe < 60%, 25% < S < 50%,
25% < Pz < 50%are respected [21].

This could be explained by the fact that for 100% C, the
residual iron comes from L, and L, because of the low levels
of iron oxides in the sand. For the 100% Pz, it comes from L,
L,, and L; for the same reasons. For binary and ternary filters,
the presence of 25% Fe® in the RZ (L,) is responsible for the
increase in [Fe], even if it also comes from layers L, and L;. It
therefore seems wise through these results, that the NC is a
good porous material that does not contribute to the increase
of dissolved iron neither in the RZ nor in the filtered water.
When associated with Fe® in 25%/75% Fe°/C and
25%/50%/25% Fe°/S/C, it collects more pollutants in its pores
than Pz as shown in Figures 3 and 4; it is therefore possible
that once saturated, they regurgitate dissolved iron. The
combination of two porous absorbent and non-expansive
materials increases the porous surface in the RZ and validates
this hypothesis since [Fe] is almost zero for the device
25%/25%/25%/25% Fe°/S/Pz/C [7-9, 13, 37-42, 45-49,
-62-87]. This is an excellent result.

75
] —8— 25%/50%/25% Fe°/S/C
6 . —8— 25%/50%/25% Fe°/S/Pz
\-\ —A— 25%/25%/25%/25% Fe°/S/Pz/C
5
4

[Fe] (mg/L)

Elapsed time (days)

Figure 13. Performance of the quaternary device 25%/25%/25%/25%
Fe®/S/Pz/C for removal of dissolved iron.

3.4. Flow Rate and Performance

Figures 14, 15, 16 and 17 depict variations in the flow of the
seven (7) devices. Specific RZs are 100% C, 100% Pz,
25%/75% Fel/C, 25%/75% Fe/Pz, 25%/50%/25% Fe/S/C,
25%/50%/25% Fe/S/Pz, and 25%/25%/25%/25% Fe/S/Pz/C.
We observed the decreasing order of flow rates as followed:
Flow (100% p2) > F1ow (100% ¢) > FIoW (2594/75% Feorpz) > FIOW (2504/75%
Fe°/C) ~ Flow (25%/2 2 225%/25%/25% Fe/S/Pz//C) ~ Flow (25%/50%/25%
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Feo/spz)* FIOW (2504/50% Feeic)- The decrease of flow is attributed to
the progressive clogging due to accumulation of OM in the
initial pores and interstices systems, since the best
absorbents/adsorbents have the lowest flows. It is now agreed
that pure Fe® systems are efficient but not sustainable [81-82].
The replacement of a fraction of Fe® by a non-expansive
porous material was therefore found as alternative approach
[16, 21, 60-61, 87].
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Figure 14. Flow rate studies, one-material RZs with pure C and pure Pz.
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Figure 15. Flow rate studies, binary RZs with Fe®/C and Fe®/Pz.
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Figure 16. Flow rate studies, ternary RZs with Fe®/S/C and Fe®/S/Pz.

As a result, ternary devices have the worst flow, while they
are good OM collectors; the flow improves with the
combination of C and Pz in the RZ, for the device

25%/25%/25%/25% Fe°/S/Pz/C. The flow of C is explained
by the fact that, the best discoloration necessary induces the
worst flow, for the reasons already explained above (Figures
14,15, 16 and 17). This is why the association of NC and Pz in
the RZ has a beneficial effect on flow, hence the resurgence of
reactivity (figure 5), and the improvement of the flow of the
quaternary compared to the ternary (figure 17).
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Figure 17. Performance of the quaternary device 25%/25%/25%/25%
Fe®/S/Pz/C on throughput improvement

4. Conclusion and Recommendations

This work involved enacting and consolidating the concept
of the W.E.S. through the enhancement of local multifunctional
materials, accessible to populations far from the distribution
networks of drinking water. To do this, we introduced the NC
into the RZ of a metal bed device and observed its performance
compared to the Pz whose performance is already proven in our
previous work. As a result, the devices 100% C, 100% Pz,
25%/75% Fe°/C, 25%/75% Fe°/Pz, 25%/50%/25% Fe°/S/C,
25%/50%/25% Fe°/S/Pz, 25%/25%/25%/25% Fe°/S/Pz/C were
experienced with OM. The results show that NC is an excellent
pollutant collector. Pure (100%C) in the RZ, it has a higher
decontamination rate than the Pz for an acceptable flow rate.
Associated with the Fe°, we observe the order below;
25%/25%/25%/25% Fe°/S/Pz/C > 25%/50%/25% Fe°/S/C >
25%/50%/25% Fe°/S/Pz > 25%/75% Fe°/C > 25%/75% Fe°/Pz
>100% C > 100% Pz. The NC contributes to pH correction as
recommended by WHO. This non-expansive porous material is
a good pollutant collector that does not bring additional iron
into the Fe®-bed filter. The association C and Pz, makes the
device 25%/25%/25%/25% Fe°/S/Pz/C a good sanitation tool
with 98-100% efficiency. NC can be an alternative to Pz for
households, in this case populations that are often poor in
sub-Saharan Africa. It gives a boost of activity and stability to
Fe®-bed filters with a RZ with four (4) materials. The NC can
have a triple use Of Wood-Energy-Sanitation (W.E.S.). This
recovery of household waste gives it a second life.
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