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Abstract Household waste management remains a delicate problem in the Republic of Congo due to the lack of
household waste management infrastructure. Several wild landfills arise in outlying districts of the city of
Brazzaville. The proliferation of uncontrolled landfills leads to household waste burning which essentially
generates two (02) residue-type products: smoke and ashes. The objective of this study is to develop cementitious
matrices containing burn ashes, sufficiently efficient to retain in their structure heavy metals contained in these ashes.
To do this, we carried out static leaching tests at pH=4 and 7 and at 25°C in distilled water, cementitious matrices
synthesized with different ash/cement/lime ratios (PO, P1, P2, P3, P4, P5 and P6). The static leaching tests carried
out on monoliths for 30, 90 and 180 days made it possible to evaluate alteration kinetics of these cementitious
matrices through cementitious matrices monitoring of leachate solution pH, of mass losses and dissolution rates. The
results obtained show that the pH of all leaching solutions which contained cementitious matrices tend towards a
basification causing a significant drift in the pH from the first stages of alteration at pH=4 and 7. The normalized
total mass losses of cementitious matrices are higher in neutral medium (pH=7) rather than in acid medium (pH=4)
except for the reference cementitious matrice PO. The P5 cementitious matrice (70% Ash + 20% Cement + 10%
Lime) presents the lowest mass losses and dissolution rates, while the PO reference matrice (100% cement) presents
the highest mass losses and dissolution rates
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1. Introduction

These last years, congolese cities have been confronted
with many problems related to accelerated urbanization.
The consequences in terms of household waste
management and sanitation are very worrying. This
growth, which goes hand in hand with the waste increase
quantity, leads to proliferation of uncontrolled landfills.
Brazzaville, which has nearly 2 million inhabitants, has
only one large landfill, unlike most cities in the world.
However, there are small wild landfills scattered on vacant
lots in the city. These multiple landfills scattered
throughout the city cause enormous even if they are
occasionally burned [1]. Moreover, in the Congo, solid
waste is generally burned on the ground, in the open air.
The formation of fumes and ashes can be dangerous for
environment, due to their pollutant load. Indeed, ashes
obtained after waste burning can contain heavy metals
such as mercury, lead and cadmium [2]. These landfills

present environmental risks, in particular by causing
significant ecological imbalances in soil and in water,
through leachate and atmospheric pollution linked to the
released fumes [3]. These ashes, considered as final
hazardous waste, require additional treatment in order to
reduce their impact on environment. Several treatments can
be for ash management, including solidification/stabilization.
Indeed, solidification makes it possible to transform the waste
into a massive solid that is not very porous and not very
permeable in order to limit as much as possible the risk of
dispersion in environment [4]. Stabilization consists of
physical and/or chemical retention of polluting species in
a solid matrix by absorption or ion exchange mechanisms
[5], in order to make them poorly soluble and poorly
mobilized. The product of these two processes thus makes
it possible to limit pollutants dispersion in natural
environment. The stabilization/solidification of waste
containing more or less soluble metals by adding a
hydraulic binder consists in producing a material in which
waste replace sands or aggregates so that heavy metals
remain "trapped" in the cementitious matrice. Several
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physico-chemical mechanisms at the solid/liquid interface
allow the heavy metals trapping [6,7] When cementitious
matrices come into contact with water, a relatively acid
leaching takes place compared to the alkalinity produced
by the cement, a process of dissolution and release of
hydrates is triggered, with less and less alkaline buffering
effects [8]. pH is generally considered to be a major
influencing parameter in the mobilization of elements
(influence on solubility, sorption mechanisms, etc.). In the
case of stabilization/solidification by a hydraulic binder,
the high buffering capacity of cement hydrates makes it
possible to maintain a high pH favoring retention of some
elements, in particular pollutants precipitated in
hydroxides forms [9]. Leaching leads in losses of mass
and alkalinity attributable to Portlandite dissolution and
other hydrates decalcification. However, the self-
regulating mechanism of the cementitious matrice, linked
to the hydrates strong basic power (buffering effect), gives
it resistance which ensures a certain durability [10]. The
aim of this study is to evaluate the cementitious matrices
alteration kinetics through the pH evolution monitoring,
the mass losses and the dissolution rate of cementitious
matrices resulting from the stabilization/solidification by
binders hydraulic and pozzolanic in acid and neutral
medium. This assessment is based on leaching tests
inspired by standardized tests applied to porous materials
obtained by stabilization/solidification of ashes.

2. Material and Methods

2.1. Study Site

This study was carried out in Brazzaville in the
Republic of Congo. Located in the heart of the equatorial
forest, the Republic of Congo covers an area of 342,000
km?.1t is located in Central Africa, straddling the equator
between latitudes 3°30" North and 5° South and longitudes
11° and 18° East. Located on the right bank of the
majestic Congo River, the agglomeration of Brazzaville
covers an area of nearly 265 km?. Brazzaville is located in
the southern part of Congo, between 4°6'15" and 4°22'30"
of southern latitude and between 15°6'0" and 15°19'15"
east longitude, bounded to the north by the Djiri River, to
the south and east by the Congo River, and to the west by
the sub-prefecture of Goma-Tsé-Tsé [11]. The wild
landfill chosen for this study was named «Landfill C».
With a latitude of 4°13’13”S and a longitude of

15°15’46”E, it is located in «City of 17» quarter in district
N°7 Mfilou. It has an inclined geomorphology and an
approximately depth of 20m. It has been existing for over
20 years. Figure 1 shows a map of Brazzaville city and the
localisation of the landfill C chosen for this study. Figure
2 shows a Landfill C picture.

2.2. Landfills Waste Sampling

Household waste collection in landfill C was carried out
manually using gloves as well as a mask and garbage bags.
The batches of household waste were then weighed using
a Pocket LBS scale. Ten (10) kilos were taken and
transported to a drying place at the Faculty of Sciences
and Techniques of Marien Ngouabi University, within the
plant chemistry and biohealth unit. Household waste was
dried in the open air and at ambient temperature on plastic
tablecloths of 2 m? each for two weeks. Household waste
was burned in a garden incinerator for at least 1 hour.
After burning, the residues obtained (ashes) were sieved
using a 2 mm sieve, then the ashes obtained were placed
in plastic jars closed by a stopper to avoid any external
contamination. It should be noted that these jars were
carefully cleaned beforehand, then rinsed with distilled
water to avoid any internal contamination. Figure 3 shows
the jars containing the ashes that were stored in the
laboratory at room temperature.

2.3. Materials Studied

In the context of our study, the hydraulic binder that we
used is Portland limestone cement from the FORSPAK
company in Dolisie in Congo. This Portland cement is of
the CEM I1/B-M 32.5R type. This cement is composed of
(65-79)% clinker, (21-35)% pozzolan and fly ash then
(0-5)% secondary constituents. Table 1 gives the
composition by weight of the Dolisie cement used for our
study. We used pascual hydrated lime as an admixture,
manufactured in Spain and sold in Congo. Cementitious
matrices synthesis was carried out according to the
formulations contained in Table 2. The ash masses,
hydrated cement and quicklime were weighed using a
Pioneer-type precision balance. The different mixtures
types (ashes + cement + lime + water) were mixed for 5
minutes in a container. The paste obtained is placed in molds
measuring 2 cm X 2 cm X 2 ¢m to obtain a cementitious
matrice (Figure 4). After manufacture, the cementitious
matrices were dried at ambient temperature, ie 25°C.

Table 1. Composition of cement Porland of Dolisie (% weight)

CaO S|02 A|203 Fe,0s MgO Na,O K,0 NiO PbO Cr,03

64,8 17 6,5 4,6 33 2 1,8 / / /
Table 2. Formulations of cementitious matrices studied

Formulation (%weight) PO P1 P2 P3 P4 P5 P6

Ashes 0 50 70 50 50 70 70

Hydrated Cement 100 50 30 40 30 20 10

Quicklime CaO 0 0 0 10 20 10 20

Water 150 250 250 270 270 270 270
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Figure 1. Map of Brazzaville city locating the wild landfill C
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Figure 4. Cementitious matrices 2cmx2cmx2cm

2.4. Static Leaching Tests of Cementitious
Matrices

All leaching experiments in our study were carried out
in static mode on monolith in a non-agitated closed
environment. It consists of placing cementitious matrices
monoliths in an altering solution in a rigid glass bottle so
that all sample surfaces are in contact with solution. These
experiments were carried out over short times, far from
saturation, to avoid external contamination of solutions.
The glass bottles were cleaned before each leaching
experiment with 1N hydrochloric acid, then rinsed 5 times
with deionized water. After leaching, cementitious
matrices samples are then removed from the leaching
solution and then dried and weighed. Then, a part of
leachate is taken in order to measure pH. A single
temperature was chosen for our experiments: 25°C. This
temperature was chosen because it avoids evaporation.
The ratio surface of matrice / volume of altering solution
(S/V) was fixed for the entire leaching duration at 0.1. A
low S/V ratio choice makes it possible to move away from
saturation conditions and thus to follow pH evolution,
masses losses and dissolution rates during alteration. We
have selected two (2) solutions with differents pH: a
solution of distilled water at pH=7 and a slightly chloride
acidic solution HCI at pH=4. The solution at pH=7 was
chosen to compare with the attack in a slightly corrosive
medium and the slightly acidic solution at pH=4 was
chosen to simulate acid rain attack. Twenty three (23)
leaching times, between 0 and 180 days, were chosen in
order to follow the cementitious matrices alteration kinetics.

2.5. pH Evolution of Cementitious Matrices
Leachates

The starting solutions pH is measured at ambient
temperature. Before each analysis, the pH-meter is
calibrated using standard solutions at pH=4, 7 and 10.
After each leaching experiment, leachate pH is measured
at ambient temperature (25°C), after removing
cementitious matrice from solution. All leaching
experiments were performed at pH=4 and 7 with S/V
ratio=0.1. The solutions were not buffered, so the pH
evolved freely over time. Leaching experiments at 25°C
were performed on all matrices at all leaching times with
HCI (pH=4) and distilled water (pH=7) leaching solutions.
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2.6. Normalized Totals Mass Losses of
Cementitious Matrices

Normalized totals mass loss NLt (g/m?) are obtained by
weighing. They represent the mass difference of
cementitious matrices before and after leaching over an
area of 1m?. A normalized total mass loss is calculated as
following: NLt=Anm/S.

2.7. Normalized Dissolution Rates of
Cementitious Matrices

Normalized elementary dissolution rate is also a
quantity that can describe cementitious matrices
alterability. Dissolution rate measurements were deduced
from the total sum of normalized mass losses of each
cementitious matrice by following the evolution over time
(linear regression).

3. Results and Discussion

3.1. pH Evolution of Cementitious Matrices
Leachates

For a given cementitious matrice composition dried at 25°
C, it is observed that all solutions have significant pHs
whatever matrice composition. From all these cementitious
matrices, it is observed that leaching solutions pH exhibits

a drift from acidity to basicity and evolves similarly to the
pH of reference cementitious matrice PO leachate (Figure
5 and 6). This basification leads to a significant pH drift
from the beginning of alteration at pH=4 and 7. This
basicity of acid and neutral solution is due to alkalis
extraction by ion exchange mechanisms between the
protons of solution and the cementitious matrice elements
[12]. This exchange process is responsible for pH increase
due to residual OH" ions accumulation in solution [13].
The cementitious matrices being a strongly alkaline
medium, it promotes hydroxides precipitation [14]. Over
long periods, leachate pH evolution seems to tend towards
an asymptote, certainly due to medium saturation [13]. For
the leaching at 25°C, of all formulations, whatever
medium pH, only the cementitious matrice P3 leachate
presents a pH evolution similar to PO reference
cementitious matrice leachate. Over a fairly long period,
i.e. 6 months or 180 days, the pH evolution of P2, P3, P4,
P5, P6 cementitious matrices leachates, seems to drop
slightly towards a low basicity close to neutrality (pH=8),
this was observed in acid medium (pH=4). This decrease in
pH can be explained by C-S-H type hydrates precipitation
[5]. Indeed, Hydrated Calcium Silicates (C-S-H) form a gel
organized over a few hundred nanometers in order of 60 x
30 x 5 nm® [15]. C-S-H essentially develop as a layer
surrounding anhydrous cement grains [16]. This layer
retains alkalis such as calcium because alkalis and/or
alkaline earth metals release causes an pH increase due to
residual OH- ions accumulation in solution [17].
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Figure 5. pH evolution over time of cementitious matrices leachates in an initially acidic media pH= 4 P0: 100% Cement, P1: 50% Ashes + 50%
Cement, P2: 70% Ashes + 30% Cement, P3: 50% Ashes + 40% Cement + 10 Lime, P4: 50% Ashes + 30% Cement + 20% Lime, P5: 70% Ash+ 20%

Cement+10% Lime, P6: 70% Ash+ 10% Cement+20% Lime
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Figure 6. pH evolution over time of cementitious matrices leachates in an initially neutral media pH= 7 P0: 100% Cement, P1: 50% Ashes + 50%
Cement, P2: 70% Ashes + 30% Cement, P3: 50% Ashes + 40% Cement + 10 Lime, P4: 50% Ashes + 30% Cement + 20% Lime, P5: 70% Ash+ 20%

Cement+10% Lime, P6: 70% Ash+ 10% Cement+20% Lime
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3.2. Normalized Totals Mass Losses of
Cementitious Matrices

Table 3 shows results of cementitious matrices
normalized totals mass losses which oscillate between
0.58 and 18.24 g/m’ at pH=7 and between 0.24 and 10.32
g/m? at pH=4. The cementitious matrices normalized
totals mass losses values are much higher in neutral
medium than in acid medium. This phenomenon can be
explained by the Ca** adsorption increase on the surface
when the pH drops. The increase in normalized totals mass
losses is explained by rapid dissolution and therefore very
rapid dissolution rates. The decrease is due to the fact that
dissolution mechanism must have changed over time [13].

Table 3. Normalized totals mass losses (g/m?) of cementitious
matrices as a function of time at pH=4 and 7 at 25°C

Matri NLt (g/m?)
Cimigg;?fes pH=4 pH=7

1 mois | 3 mois | 6 mois | 1 mois | 3 mois | 6 mois
PO 893 | 893 | 534 | 784 | 883 | 1824
P1 1,44 1,75 1,43 3,16 1,58 2,23
P2 0,71 0,85 0,24 7.6 15,38 0,74
P3 672 | 1032 | 349 84 682 | 796
P4 2,43 3,59 0,95 8,11 2,99 2,77
P5 0,72 0,84 0,55 0,3 0,69 0,97
P6 1,93 1,33 1,67 2,23 2,61 2,37

However, only the P5 cementitious matrice (70% ash,
30% cement, 10% lime) presents the lowest normalized
totals mass losses (less than 1g/m?) both in acid and in
basic medium. The reference cementitious matrice PO
(100% cement) presents the highest normalized totals
mass losses both in acid and in basic medium. Thus, we
can thus classify these different cementitious matrices
according to their resistance to mass loss in ascending
order:

- Inacid medium (pH= 4),

P5< P2< P1<P6<P4<P3<P0

- Inneutral medium (pH=7),
P5<P1< P6<P4<P2<P3<P0.

3.3. Normalized Dissolution Rates of
Cementitious Matrices at 30,
90 and 180 Days

Figure 7 and Figure 8 show dissolution rates of
cementitious matrices having undergone leaching tests in
acidic (pH=4) and neutral (pH=7) medium at 30 days, 90
days and 180 days. Both in an acid medium and in a
neutral medium, it is observed, on the one hand, that
dissolution rates or alteration of matrices cementitious at
30 days are higher, whatever the medium, compared to
those at 90 and 180 days. On the other hand, we only
observe that cementitious matrices dissolution rates at 90
days are slightly higher than those at 180 days months.
This decrease may be due to a rapid and transient
interdiffusion phenomenon or to a development of a
weathering film on the cementitious matrices surface by a
diffusional control phenomenon which leads to a rate
reduction [18]. In order to fully understand cementitious
matrices dissolution rates, we studied the normalised
dissolution rates influence of pH on each cementitious
matrice. Figure 7 and Figure 8 present the normalised
dissolution rates of each cementitious matrice with respect
to the pH at 30, 90 and 180 days. It can be observed that at
30 days, the cementitious matrices dissolution rates are
higher in neutral medium compared to in acid medium,
except for PO and P5 cementitious matrices. This shows
that elements dissolution is faster in neutral medium than
in acid medium except for the cementitious matrices PO
and P5. At 90 days, cementitious matrices dissolution
rates are higher in a neutral medium except for the
cementitious matrices PO, P3 and P5. At 180 days, it can
be seen that in neutral medium all cementitious matrices
dissolution rates are higher than those of cementitious
matrices in acid medium. Dissolution is therefore faster in
neutral medium than in acid medium at 180 days.
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Figure 7. Normalized dissolution rates of cementitious matrices in acid media pH=4 as a function of leaching time P0: 100% Cement, P1: 50% Ashes +
50% Cement, P2: 70% Ashes + 30% Cement, P3: 50% Ashes + 40% Cement + 10 Lime, P4: 50% Ashes + 30% Cement + 20% Lime, P5: 70% Ash+

20% Cement+10% Lime, P6: 70% Ash+ 10% Cement+20% Lime
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Figure 8. Normalized dissolution rates of cementitious matrices in neutral media pH=7 as a function of leaching time PO: 100% Cement, P1: 50%
Ashes + 50% Cement, P2: 70% Ashes + 30% Cement, P3: 50% Ashes + 40% Cement + 10 Lime, P4: 50% Ashes + 30% Cement + 20% Lime, P5: 70%

Ash+ 20% Cement+10% Lime, P6: 70% Ash+ 10% Cement+20% Lime

4. Conclusion

In order to immobilize ashes and reduce soils and
surface waters pollution, this study aimed to experiment
with possible ways of recovering ashes from household
waste burning (considered as "ultimate waste") in
cementitious matrices, by following dissolution kinetics of
said matrices. The results obtained showed that pH
evolution of leaching solutions, having contained the
cementitious matrices, as a function of time tends towards
a basification causing a significant drift of pH from the
first times of alteration at pH=4 and 7. The cementitious
matrices normalized totals mass losses show that their
dissolution is higher in neutral medium (pH=7) than in
acid medium (pH=4) except for the reference cementitious
matrice PO. The cementitious matrice P5 (70% Ash + 20%
Cement + 10% Lime) presents the lowest normalized
totals mass losses. Furthermore, we can observe that
weathering rates of all matrices decrease over time. Thus,
the results obtained show that the cementitious matrices
P1 (50% Ash + 50% Cement), P5 (70% Ash + 20%
Cement + 10% Lime) and P6 (70% Ash + 10% Cement +
20% Lime) present the lowest alteration rates both in
acidic and neutral medium. These results highlight that the
cementitious matrice P5, whose ash composition is the
highest (70%), seems to have the lowest alteration kinetics,
unlike PO, the reference matrice made up of 100% cement,
which has the highest weathering kinetics.
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