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1. INTRODUCTION 

Many cities in Côte d'Ivoire have a rapid expansion inducing large production of household waste (Soro 

et al. 2010). In the District of Abidjan, the average household waste production per capita increased by 

8.3% for a population rise of 15.4% in the period of 1998-2005. Due to a lack of adequate management 

infrastructures, these urban wastes are collected and stored in open dumps. These dumps, formerly on 

the outskirts of cities, are now in the center of cities. Landfilling municipal waste was the most widely 

used waste disposal technique in Africa because it is easy to implement and relatively inexpensive. 

Nevertheless, landfilling induces environmental degradation through the production of leachates that 

carry a significant pollutant load (Khattabi 2002), inducing soil and groundwater degradation. 

Municipal waste dumped contains chemical elements like pharmaceuticals materials, used oils, batteries 

and organic household waste. The biogeochemical degradation of waste releases therefore trace metals 

in soils.  Consequently, successive accumulation of municipal waste lead to an increase in trace metals 

and others pollutants contents in landfill. Because of their high concentrations, trace metal percolate 

with leaching solutions and contribute to polluting water resources, soil solutions and plants (Fonge et 

al. 2017; Edokpayi et al. 2017). Trace metal mainly encountered in tropical landfill soils are Arsenic 

(As), Cadmium (Cd), Chromium (Cr), Copper (Cu), Mercury (Hg), Nickel (Ni), Lead (Pb), Selenium 

(Se) and Zinc (Zn) (Kouamé et al. 2006).  

Despite soil pollutions in trace metals, urban landfills play an economic key role in most of cities of 

Côte d’Ivoire, as they are used to produce fresh vegetables for urban population. Vegetables production 

on landfill soils may induce food contamination in pollutants via the transfer of trace metals from soil 
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Abstract: Inadequate urban waste management in Côte d’Ivoire is the heavy metal source in soils used to 

produce vegetables. This represents a potential risk of food contamination. In order to find an efficient 

technique for soils depollution before their use in agriculture, an experimental study had demonstrated the 

ability of species of Acacia (mangium, auriculiformis and crassicarpa) to extract heavy metals from landfill 

soils. This work was undertaken to determine rhizosphere processes controlling Acacia growth in polluted soil. 

An experiment was carried out in hydroponic culture and on thin layer of landfill polluted soil during 3 months. 

During this experiment, growth parameters, soil chemical properties, heavy metal contents in soil (total and 

various fractions) and in plants were measured at the end of experiment. Results show that plant growth is 

related to the development of strategies in root zone. Plants released protons in their rhizosphere and lowering 

the redox potential, especially under Acacia crassicarpa, which stored the most level of heavy metal in in 

biomass. The other species produce organic acids allowing plants to grow with high biomass in soil with high 

content of heavy metal. Acacia crassicarpa is therefore the species better suited for depollution of landfill soil. 

Keywords : Acacia, Rhizosphere, Phytoremediation, Heavy metal, Landfill, Soil 
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to vegetables (Guety et al. 2015; Vittori-Antisari et al. 2015; Nanven et al. 2015; Vongdala et al. 2018). 

Numerous studies have shown that regular consumption of vegetables grown on soil polluted into trace 

metals contribute to human contamination into trace metals (Ferry et al. 2015; Uddh-Soderberg et al. 

2015). In order to secure vegetable production in urban landfills, it appears necessary to restore soil 

quality by using appropriate methods. 

Several soil remediation techniques are known to date. Biological method, using plants, appears as the 

best adapted in urban context. Acacia is a tropical plant well adapted in soil with high levels of trace 

metals. This plant is increasingly used in soil remediation, particularly in Asia due to their rapid growth 

and large root biomass production (Ricardo et al. 2012; Mohd et al. 2013). Thus, Acacia mangium has 

been tested in metal-contaminated soils and displayed a high capacity for trace metal absorption (Majid 

et al. 2012). A. mangium accumulates and stores cadmium (Cd) and lead (Pb) in the stem, while 

chromium (Cr), copper (Cu) and arsenic (As) are stored in the roots. Zinc (Zn) is translocated and stored 

in the leaves (Henrique et al. 2013). However, biological mechanisms inducing the Acacia growth and 

implementation in metal-polluted soils are still unknown. The objective of this study is therefore to 

investigate the adaptation mechanisms of Acacia in metal-polluted landfill soils. We hypotheses that 

these adaptation mechanisms in polluted soils are related to rhizospheric processes inducing 

solubilization and transformation of metals into various forms that are less toxic to the plant.  

2. MATERIALS AND METHODS 

2.1. Biological Material 

The plant material consists of three species of Acacia that are Acacia mangium, Acacia auriculiformis 

and Acacia crassicarpa. The seeds were provided by the National Center for Agronomic Research 

(CNRA) based in Abidjan (Côte d’Ivoire). 

2.2. Growth Substrates and Nutrient Solution 

Soil samples: Soil were sampled in municipal landfill located in Bonoua city (Figure 1). Soil is 

characterized as an anthropogenic soil in the WRB system. About 30 soil samples were randomly taken 

from 0 to 20 cm deep in the landfill. Then, a composite sample was made from these different samples 

for experiment.  

 

Coconut fibber: It is fibber of the coconut mesocarp, which is composed mainly of coarse fibber but 

also a fine material known as coconut dust or coconut peat. It is used in agriculture as hydroponic 

growth substrate due to its a good water retention capacity and high capillary power as well as high 

structural stability.  

Nutrient solution: The nutrient solution used for plant growth was prepared with 10 l of distilled water 

and mineral salts. Its composition is given in Table 1. 
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Table1. Chemical composition of nutrient solution used for plant growth 

Salts Initial solution (M) Diluted solution (µM) 

MgSO4 7H2O 1.00 1.00 

KH2PO4 1.00 0.50 

CH4N2O 1.00 2.00 

Ca(H2PO4)2 1.00 2.00 

Na2B4O7 0.10 10.00 

Na2MoO4 2H2O 0.10 5.00 

FeNaEDTA 0.01 0.50 

2.3. Experimental Growth 

Plant seeds were disinfected with sulfuric acid (H2SO4) concentrated at 95-97% for 1 hour, and then 

thoroughly rinsed with distilled water. The seeds were then soaked in distilled water for 24 hours, and 

placed on solidified agar medium in an oven at 30 ° C for 72 hours for germination. After germination, 

growth experiment was carried out firstly hydroponic culture. Seedlings were transplanted on coconut 

fibber previously rinsed with distilled water. Plants were watered every morning with 40 ml of the 

nutrient solution. After 8 weeks, the plants were transferred to a second experimental device with a fine 

layer of landfill soil to study the rhizosphere processes using the rhizotron (Figure 2), for 6 weeks.  

 

The experimental growth was conducted in greenhouse with three repetitions per species and controls. 

During the experimental growth, plant heights were recorded every two weeks. 

2.4. Sampling and Treatment 

After growth in the rhizotron, plants were harvested and roots rinsed with distilled water. The shoots 

and roots were separated, and oven dried at 65 ° C for 72 hours. Shoots and roots were then weighed to 

determine dry biomass. Then, samples were crushed and sieved to 25 μm to uniform the grain size. 

Soil samples were dried in oven at 105 ° C for 24 hours. These samples were then separated in two 

fractions. The first fraction was used to extract successively exchangeable and acid-soluble metal 

fractions. For this, 2 g of soil were mixed with 10 ml of 1M solution of MgCl2, 6H2O. The mixture was 

stirred for 1 hour at 20 rpm and centrifuged at 3000 rpm. The supernatant were filtered at 0.45 μm 

porosity with Whatman filter®. Soil residues obtained were used to extract the acid-soluble fraction 

extracted with 20 ml of an acid mixture (0.05M HCl and 0.0125 H2SO4) (Mulchi et al. 1992) in the 

same conditions than exchangeable fraction. Both extracted solutions were stored at 4°C until analyses. 

The second soil fraction crushed and sieved at 10 µm to standardize the particle size for bulk analyses.  

2.5. Chemical Analyses of Samples 

2. 5. 1. pH and Redox Potential measurement  

The pH measurement was performed on soil samples using the pH meter (VWR®) in three replicates 

per sample in soil/solution ratio of 1/5 (g/ml). 
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The redox potential is used to describe a system's overall reducing or oxidizing capacity. About 10 g of 

soil were placed in plastic tube sets and gently compacted with intermittent additions of distilled 

deionized water to reach flooded conditions. Then, the mixture were stored at room temperature. After 

24 hours equilibration period, redox potential (Eh) were measured in mixture using Bante® ORP probe. 

2.5.2. Proton efflux  

Proton efflux is the release of protons by plants in the growth medium. The amount of H+ released by 

the roots is determined by the change in pH relative to control soil. In soils, the amount of H+ released 

is given by the relation: 

𝑸𝑯+ = (𝜷 ∗ ∆𝒑𝑯 ∗𝑴)/∆𝒕 

where: QH+ is the amount of H+ (µmol H+.g-1.day-1),  is the buffer capacity of control soil (µmol OH-

.soil pH-1), pH is the pH change in pH of soil and control (pH unit), M is the mass of soil (g) and t 

is the culture time (days). 

2.5.3. Low molecular mass organic acids (LMMOAs) 

Extraction of LMMOAs was realized by adding 10 ml of MilliQ water to 1 g of air-dried soil. After 2 

hour of shaking, the supernatant was filtered at 0.2µm (PTFE, VWR®), freeze-dried (Christ Alpha 1-2; 

-40°C) during 24 h hours in order to concentrate extracted LMMOAs of soil solution. The LMMOAs 

were then suspended again by adding 1 ml of MilliQ water. The quantification of LMMOAs performed 

using High Pressure Liquid Chromatography (HPLC). Samples were run on a C18 stationary phase 

(AQUASIL C18, 5 μm, 250 x 4.6 mm) using a mobile phase of  1% ACN / 99% 0.05M KH2PO4, pH 

2.8 at a flow rate of 1.25 ml min-1. The column was operated at 20 °C for detection of oxalic, acetic, 

formic, glutaric, malic, malonic, succinic, maleic, fumaric and citric acid. The citric acids were detected 

at 210 nm by a photodiode array detector.  

2.5.4. Trace metal  

For plant samples, about 200 mg of sample were added to a teflon digestion with 1 ml of hydrogen 

peroxide (30%, ARISTAR®) and 3 ml of nitric acid (67%, NORMATOM®) at room temperature for 24 

hours. Then, the mixture were heated at 90 °C overnight. After cooling, obtained solutions were 

evaporated to dryness and residues redissolved in 1 ml of hydrochloric acid (35%, ARISTAR®) and 

heated at 75 °C for 8 hours. Solutions are filtered using Whatman® filters into 50 ml volumetric flasks.  

For soil samples, 10 mg of dried soil samples were introduced into a Teflon beaker. Then, 6 ml of a 

solution of hydrochloric acid (35%, ARISTAR®) and 2 ml of nitric acid (67%, NORMATOM®) are 

added to the beaker and heated at 125 °C overnight. Obtained solutions are evaporated to dryness and 

residues are taken up in 2 ml of hydrochloric acid and heated at 95 °C overnight. Solutions were then 

filtered using Whatman® filters in 50 ml volumetric flasks.  

2.6. Statistical Treatments 

For soil, solution and biological characteristics, each analysis was run in triplicate. Significant 

differences between each treatment were determined by analyzing variance (ANOVA 1 factor) and by 

the Tukey HSD test (significance threshold of p < 0.05 with n=3) (XLSTAT version 2014 6.01). 

3. RESULTS 

3. 1. Growth Parameters 

Figure 3 shows plant height evolution during experimental growth. During hydroponic growth, all 

species (A. auriculoformis, A mangium and A. crassicarpa) display the same behavior with regular 

growth from approximatively 7 cm at the 4th week to approximatively 20 cm at the 8th week. In 

rhizotron, plant heights were not significantly different until 10th week reaching on average ~23cm. 

From the 12th week, difference were significant between plants. Indeed, A. auriculoforis had the greatest 

growth with a height of ~27cm at the 10th week and reached a height of 45 cm at the end of experiment. 

The other two plants had a moderate growth with a height of 21 cm at the 10th week to reach a height 

of 25 cm and 30 cm at the end of experiment for A. crassicarpa and A. mangium respectively.  
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Dry total biomasses are indicated in Figure 4 and Table 1. Shoot biomasses represented the largest 

fraction of total biomass. A. auriculoformis was specie producing the greatest amount of total biomass 

with ~6 g per plant with the highest organ (shoot and roots) biomasses but no significant difference was 

observed with biomasses of A. mangium, with total biomass of ~5 g per plant. A. crassicarpa displayed 

the lowest total biomass with ~2 g per plant and lowest organ biomasses. The root/shoot ratios 

highlighted similar values with an average of 0.22±0.01 at the end of experiment for all plants (Table 2).  

 

Table2. Bulk biomass, shoot and root biomasses and roots/shoot ratios of acacia species 

Parameters A.auriculiformis A. crassicarpa A. mangium 

Total Biomass (g) 

Shoots (g) 

6.09±1.30 

4.98±1.63 

2.04±0.46 

1.68±0.57 

5.08±1.00 

4.11±0.78 

Root (g) 

Root/Shoot 

1.12±0.33 

0.22±0.05 

0.36±0.19 

0.21±0;06 

0.96±0.25 

0.23±0.03 

3.2. Characteristics of Rhizosphere Processes 

Rhizosphere processes characterized through the change in proton excretion, redox potential values and 

low molecular mass organic acids contents in rhizosphere soil of Acacia species are measured at the 

end of experiment (Figure 5; Figure 6). Results highlight that A. mangium and A. crassicarpa produced 

more protons in soil with respective averages of 4.50 and 3.84 μmol H+.g-1.day-1 than A. auriculiformis 
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with an average of 2.40 μmol H+.g-1.day-1. However according to the ANOVA test, no significant 

difference was observed in these proton released in soil between plant species (Figure 5A).  

Redox potential indicate values in rhizosphere soil varying significantly according the ANOVA test 

from A. crassicarpa with an average value of -96.34 mV to A. auriculoformis with average value 

of -63.30 mV (Figure 5B). The redox potential value of A. mangium is intermediate between these two 

values, with an average of -81.60 mV. Compared to control soil, A. crassicarpa and A. mangium 

reduced the soil while A. auriculoformis oxyded the grown medium 

 

 

Figure 6 shows LMMOAs (oxalic, citric and malonic acids) detected and quantified in rhizosphere soil. 

Oxalic and acetic acids were the LMMOAS displaying the highest concentration in soil. Data indicate 

that the amounts of oxalic acid obtained under A. mangium were highest during the experiment, 

followed by A. auriculiformis and A. crassicarpa. For acetic acid, the highest amount was found under 

A. auriculiformis followed by A. mangium and A. crassicarpa, but no significant difference was 

observed between the three species. Similarly, no significant difference between these three species for 

malonic and citric acid contents.  
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3.4. Heavy Metal Content of Soil and Plant Samples 

3.4.1. Soils 

Total Pb and Zn soil content are indicated in Figure 7 showing that soils have a higher Zn contents 

ranging from 458.4 to 555 mg.kg-1 compared to Pb contents ranging from 31 to 51.7 mg.kg-1. For Zn 

concentration, no significant difference was observed between these three species according to the 

ANOVA test. In contrast, Pb content decreases on average by ~21mg.kg-1 from control to planted soils 

among which no significant difference was observed.  

 

For the exchangeable metal fraction (Figure 8A), Zn had significant higher concentrations than Pb both 

for control soil and planted soils. No significant difference was observed according to the ANOVA test 

between control and A. auriculiformis in Zn content. These two treatments displayed higher 

exchangeable metal concentrations compared to A. crassicarpa and A. mangium treatments. For Pb 

concentration, no significant difference was observed whatever treatments.  

For the acid-soluble metal fraction (Figure 8B), Pb had significant higher concentrations than Zn both 

for control and planted soils. However, for each metal, no statistically significant differences were 

observed whatever treatments.  
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3.4.2 Plants 

Zinc (Zn) and lead (Pb) concentrations measured in plant are shown in Figure 9. Data indicate that roots 

displayed, for all species, the highest metal contents except for Zn in A. auriculiformis. For Zn, A. 

auriculiformis displayed higher content in shoot compared to A. mangium and A. crassicarpa. No 

significant difference was observed in shoot between A. mangium and A. crassicarpa. These two species 

displayed the highest Zn content in roots, significantly to Zn in root of A. auriculiformis (Figure 9A). 

Lead (Pb) content showed significant difference in both shoot and roots between A. auriculiformis and 

others species (Figure 9B). 
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Overall accumulated metals in plants indicated that A. crassicarpa stored the highest amount of Zn and 

Pb (Figure 10). For Zn, the amount accumulated in the A. crassicarpa is 97% and 89% higher than Zn 

amount stored in A. auriculiformis and A. mangium respectively. For Pb, the amount accumulated in A. 

crassicarpa is 78% higher than Zn amount stored in A. auriculiformis and 7 times higher than Pb stored 

in A. mangium (Figure 10). The amounts of Zn and Pb stored in plant biomasses represent 0.2% to 1.6% 

and 0.04% to 0.07% respectively of metal stocks in landfill-polluted soil used. Calculated translocation 

factors indicate Zn and Pb values are less than the unity (1) for A. auriculiformis, A. crassicarpa and A. 

Mangium suggesting metals are mainly accumulated in in roots. 

 

4. DISCUSSION 

This study shows that there is a variability of biomass production between acacia species and in the 

rhizosphere adaptation processes as shown in Figure 11. The PCA of the three acacia species showed 

the separation of the species on the first axis (p < 0.0001), which explained 52.35 % of the variability 

(Figure 11). Furthermore, the A. mangium were separated along the PC1 axis (p < 0.0001), while A. 

crassicarpa and A. auriculiformis were not separated. This biomass production is the consequence of 

good growth of acacia indicated by shoot/root ratio. A. auriculiformis and A. mangium had the same 

tendencies in comparison to A. crassicarpa. Few studies using acacia as plant for in soil remediation 

show that the biomasses obtained at the end of culture are much higher than the biomasses obtained in 

this study (Majid et al. 2011, Majid et al. 2012, Ricardo et al. 2012, Mohd et al. 2013). This difference 

could be explained by the growing conditions of plants. Previous trials were done in open field for 8 to 

13 months while our study was conducted in a greenhouse for 2 months. However, considering the rate 
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of plant growth, the data indicate that plants in our study (0.42 to 0.75 cm. day-1) had growth rates and 

biomass production rates include in the range defined by those in the literature (0.25 to 1.15 cm.day-1) 

(Majid et al. 2012, Mohd et al. 2013). These acacia biomass productions reflect its ability to grow in 

polluted soil through implementation of mechanisms in order to take up or to sequestrate heavy metal 

in soil. These mechanisms take place in the rhizosphere, defined as zone at the root-soil interface 

(Seshadri et al. 2015). In this zone, roots react to both the physical and chemical changes in the soil 

environment. The response of roots not only affects the plants but also the soil, thereby bringing in 

chemical changes in the rhizosphere soil. Rhizosphere chemical change can be attributed to a 

combination of mechanisms including organic acids release in soil (Hinsinger et al. 2003), with amount 

varying according to the plant species (Kabata-Pendias and Pendias 1992). It has be demonstrated that 

among the carboxylates exuded in the rhizosphere, citrate and oxalate are expected to have the most 

dramatic effect due to their ability for complexation of heavy metals (Hinsinger 2001), especially for 

Pb and Zn (Weng et al. 2002) by forming organometallic complexes outside the roots (Mench et al. 

1988). A. auriculiformis and A. mangium, the species with the largest biomasses and high total 

LMMOAs, displayed the lowest amount of metals stored in biomasses. In contrast, A. crassicarpa with 

lowest biomass and total LMMOAs displayed the highest heavy metal storage in biomass. This suggests 

that LMMOAs are not involved in metal up taken process but LMMOAs exudation allows the plant to 

tolerate high content of metal during it growth in polluted soil (Tangahu et al. 2011), and others 

rhizosphere processes may be involved in the heavy metals absorption. Acacia crassicarpa released 

more protons associated to lower redox potential value compared to other acacia species. The effect of 

pH and redox potential on the solubilization of heavy metals are well documented (e.g. Chuan et al. 

1996). The pH and redox potential obtained in this study (between 7.09 and 7.15 for pH, and between 

-96.34mV and -63.31mV for Eh) are within this range of pH and Eh observed in well-drained soil, rich 

in organic matter. Results show a variability in proton excretion of acacia species. This proton excretion 

results in rhizosphere acidification (Hinsinger et al. 2003). Under these conditions, metals contained in 

the minerals, the organic material or other materials are then solubilized by total or partial hydrolysis 

releasing into the soil solution these metals in the ionic form (Singh et al. 2016, Broadley et al. 2007) 

and therefore potentially bioavailable for plants. However, there is no correlation between proton efflux 

and metal levels neither in plants, nor in soil. The amount of released protons in rhizosphere plot in the 

range of value found under other leguminous plants and play a key role in the solubilization of inorganic 

phosphorus (Alkama et al. 2009) and metals (Michaud et al. 2007, Bravin et al. 2009) in soils. Thus, 

the limited effect of releasing protons on metals solubilization in this study results from soil properties. 

Landfill soil used contain high organic matter and clay contents (Bongoua et al. 2018), inducing a strong 

soil buffering power able therefore to resist to pH change.  
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Oxidation-reduction processes in the plant rhizosphere participate in mechanisms of adaptation and 

removal of metals by plants in polluted soils (Sebastian and Prasard 2014; Lissner et al. 2003). In our 

study, lower is the value of the redox potential in the rhizosphere, higher is the content of metals, 

especially for Zn in the plant. Morkunas et al. (2018) and Husson (2013) demonstrated that change in 

redox potential of the rhizosphere soil is a response of plants to high concentrations of metals in the 

medium. In fact, heavy metals cannot be degraded during bioremediation but can only be transformed 

from oxidation state to another. Due to a change in their oxidation state, heavy metals can be 

transformed to become either less toxic, more water-soluble (and thus can be removed through 

leaching), less water-soluble (which allows them to precipitate and become easily removed from the 

environment) or less bioavailable (Tangahu et al. 2011; Chestworth 2004). Acacia crassicarpa had the 

low value of the redox potential and accumulates the largest amount of metals (Zn and Pb), suggesting 

a speciation of these metals in its rhizosphere in bioavailable form. In soil solution and under alkaline 

soil conditions, zinc is mainly absorbed in the form of ZnOH+ (Marschner 2011) or in the chelated form 

(Sekkon 2003, Weiss et al. 2005) and lead as PbHCO3
- (Pourbaix aqueous Eh-pH diagram). The 

stabilization of Zn and Pb with organic acids (mainly citric acid) in addition to change in redox potential 

seems to be the strategies of acacia species for adaptation and growth in polluted soil. 

5. CONCLUSION  

In order to restore soil quality using a less expensive and more adapted to urban context, an experimental 

study has been undertaken on soil remediation techniques using tropical plants. The objective of this 

study was to determine rhizosphere processes controlling acacia tolerance and adaptation in polluted 

soil of former municipal landfill of the city of Bonoua, southeast of Côte d’Ivoire. The results study 

revealed that the factors governing heavy metal bioavailability in acacia rhizosphere were species, 

change in redox potential and organic acid production. The study of rhizosphere processes revealed a 

much larger proton excretion in the roots of A. crassicarpa and A. mangium than A. auriculiformis but 

the proton efflux did not affect the avaibility of metal due to soil characteristics with high buffer 

capacity. This proton excretion is associated with strong change in redox potential under A. crassicarpa 

and greater organic acid production with A. auriculiformis. Thus, A. crassicarpa extract from soil the 

greatest metal amount in soil while A. auriculiformis and A. mangium produced more biomasses. A. 

crassicarpa appears as the best plant for soil remediation due to its ability to both stored Pb and Zn. 

Our experiments were carried out under controlled conditions for a short time (3 months), these results 

should be validated with additional work over a long period in field conditions. In addition, it would 

also be interesting to investigate the role of phytosiderophores in extracting metals from soils under 

Acacia species.  
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