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Abstract - The problem of the disposal of phosphogypsum (PG), one of the main industrial wastes of 

phosphorus fertilizer production, is world-wide issue.  Soil amendment by PG application becomes of 

an increasing importance in agriculture. This study has been performed in slightly acid woodland 

polluted soil parcels, northern Tunisia (Nefza), applied one time with 2, 4 and 8 Mg.ha-1 of PG with 

two tillage modalities over 6-months period to investigate the short time effects on soil properties and 

Cd mobility. Results showed a significant decrease of soil pH for the highest rate of PG. Only the 

treatment with 8 Mg.ha-1 of PG mixed with surface soil increased available P in the first few 

centimeters in comparison with the unmixed modality. PG rates had no significant effect on soil Cd 

content. Such PG application enhance soil fertility with no soil Cd increase. However, there are needs 

of further research to determine how soil and plant factors affect Cd availability on polluted acidic 

soils. 
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1. Introduction 

Phosphogypsum (PG) is a main industrial by product of phosphorus fertilizers production. About 5 

tons of PG is produced for every tone of phosphoric acid manufactured. World-wide production of PG 

was about 170 million tons in 2006 (Enamorado Báez et al., 2009) and it is estimated that if historic 

trends continue, production will increase. In Tunisia, the production is estimated at 10 million tons per 

year (Sfar Felfoul et al., 2002). Uses of this material in order to reduce the stored quantities were 

studied. This by product is composed mainly of gypsum (CaSO4, 2H2O). Then, use of PG in 

agriculture can be of particular interest because it is a Ca-source that can improve the functioning of 

alkaline (saline) and acid soils. In calcareous soils, PG increased the availability of Fe and Mn through 

a localized acidification around roots, and increased the availability of N, P, K, and Mg (Singh et al., 

1990).   

For acid soils where intense chemical weathering and leaching occur, soil acidity has been a major 

limiting factor to crop production in many parts of the world, due to aluminum (Al) toxicity and 

calcium (Ca) deficiency restricting root exploitation of subsoil horizons. Crops grown on such soils 

are unable to use moisture and nutrients (Sumner and Noble, 2003)  and liming is the most commonly 

used practice to neutralize soil acidity and restore production capacity, to increase nutrient availability, 

and reduce levels of toxic elements (Caires et al., 2001). Raising soil pH using limestone has been a 

widely accepted practice to alleviate soil acidity due to the slow solubility and mobility of lime into 

the subsurface (Liu and Hue, 2001; Conyers et al., 2003). Thus low-input alternative or 

complementary methods need to be developed. Some gypsum-containing by-products, such as PG 

appear to be practical approaches to the worldwide problem of subsoil acidity and infertility. PG has a 

gypsum content of 85-93% and has a similar ameliorating effect to gypsum on subsoil acidity and 

fertility (Alcordo and Rechcigl, 1993). The PG that is applied to the soil surface moves along the 

profile under the influence of percolating water increasing in the supply of Ca and a reduction in the 

Al toxicity in the subsoil (Caires et al., 1999). PG is therefore an alternative for improving the root 

environment in the subsoil and can be used in acidic soils as a supplement for liming (Alva et al., 

1990; Mathews and Joost, 1990 and Caires et al., 2003). PG was also applied on polluted acid soils, 

where the potential for metal ion leaching is higher (Dijkstra et al., 2004). Leaching of accumulated 

metals can contaminate surface water and groundwater used for irrigation, drinking water, and wildlife 
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habitats. These in-situ treatments provide no actual reduction in trace element concentrations. Rather, 

they enhance the soil’s natural attenuation mechanisms controlling metal mobility and bioavailability, 

thus reducing to some extent the potential toxicity of metals to humans and to the environment. PG 

application reduced significantly the total metal leached from polluted acidic soil (Campell et al., 

2006) with longer metal travel times. It was estimated that the mass of cadmium (Cd), copper (Cu) and 

lead (Pb) leached from the soil would be reduced by more than 60 to 99% with the addition of PG. 

This approach reduces waste disposal through revalorization of industrial wastes into industrial co-

products (Lombi et al., 2002). There are more than 52,000 ha in northern Tunisia characterized by acid 

forest soils (Ennejah et al., 2010). Therefore, the effect of Tunisian PG on soil acidity was investigated 

in a column leaching experiment and in an in situ field experiment under natural conditions. This work 

explores as a test case the possibility of enhancement of woodland acid soil of the region of Nefza 

(Tunisia) by PG amendments and to evaluate its effects on soil properties and on levels of Cd mobility 

and transfer into the soil profile.  

2. Materials and methods 

2.1.  Soil sample and amendments 

The soil used for the leaching study was collected from woodland at Nefza, where the mean annual 

temperature and precipitation are 5.0°C and 600 mm, respectively. Soil was taken from the top layer 

(0-20 cm), air-dried and ground to pass a 2-mm sieve. The soil is Mediterranean red as the local Béja 

soils, found also in Bou Kornine and Jebel Zaghouan and developed on Jurassic limestone or on glacis 

of the Quaternary. It is fine textured with particle size distribution of 35% for Ø < 2 mm (clay), 32.3% 

for 2-50 mm particles (silt) and 32.7 % of Ø > 50 mm (sand). The woodland was undisturbed, 

unfertilized and under a natural vegetation of cork oak (Quercus suber) and herbaceous plants. The 

soil is slightly acid with a litter layer. The level of organic matter in the litter was high equal to 

67.13%. Its pH was 6.32 (± 0.04) and had 3 mg.kg-1 of cadmium.  

PG is a by-product obtained from the Tunisian phosphoric acid industry located in Sfax, Tunisia. It is 

generated in the wet-acid production of phosphoric acid through treatment of rock phosphate with 

sulfuric acid. Chemical analysis data for the PG are given in Table 1. It contains 32.8 % CaO, 44.4 % 

SO3, 1.69 % P2O5 and a small residue of F (0.55 %). In a physical analysis of the phosphogypsum, 40 

and 80% of the particles were retained in 100 and 1000 µm-mesh sieves, respectively.   

Table 1. Composition* of applied phosphogypsum (Sfar felfoul et al., 2002) 

 

Elements SO3 Al2O3 CaO F Fe2O3 Na2O MgO P2O5 Cd 

Units % mg.kg-1 
 44.4 0.11 32.8 0.55 0.03 0.08 0.01 1.69 7.5 

 

*Element concentrations are given on a dry weight basis 

 

2.2. Column leaching experiment 

Leaching columns were made of rigid polyvinyl chloride (PVC) of 25.0 cm long and 10.0 cm inside 

diameter. A hole of 0.5 cm diameter was made on the bottom-end for drainage. The column bottom   

was filled with a 3 cm layer of acid-washed sand-silica, underlain by a fine-meshed nylon to hold the 

soil in place. Each column was then separately filled with two soil segments, the first segment with 0.7 

kg of 0-10 cm layer and the second one with 0.7 kg of 10-20 cm layer of Nefza soil. Only the first 

segment was amended with PG in eight treatments, enriched or not by litter. The PG application rates 

with 1.3, 2.6 or 5.2 g PG.kg-1 surface soil are equivalent to 2, 4 and 8 t.ha-1 respectively; they are those 

commonly used in the field. One litter application rate (12.6 g.kg-1) is used and was estimated as the 

equivalent to the natural quantity under woodland.  (T): control with no amendment; (D2):  1.3 g 

PG.kg-1 ; (D4):  2.6 g PG.kg-1; (D8):  5.2 g PG.kg-1; (TL): Litter; (D2L): Litter + 1.3 g PG kg-1 (D4L): 

Litter + 2.6 g PG kg-1 and (D8L): Litter + 5.2 g PG.kg-1. The irrigation volume took into account 1/12 

of the annual average rainfall of Nefza area which corresponds to 1350 ml of rainwater in each 

column. This water volume was added in three weeks: 450 ml/column/irrigation. Four replicates per 

treatment were used. The soil was not disturbed during the experiment. Leachates were analyzed for 

Cd2+ and available P.  
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2.3.  Field experiment 

A field experiment was set up in the same field from where the soil had been collected for the column 

experiment. The experimental design was a randomized complete block. There were four treatments 

(added at one time application) equivalent to 2, 4 and 8 Mg PG.ha-1, on air-dry weight basis, with no 

PG as control, replicated three times using 1.0 m x 1.0 m plots. Treatments included two methods of 

tillage 1) surface PG application (S) and 2) PG incorporation and mixing with soil to a depth of 10 cm 

(I). In order to avoid disturbance, no crop was planted in these plots. After 6 months, soil subsamples 

from three depths (0-20, 20-40 and 40–60 cm) were collected from each plot. For each treatment, sub-

samples were thoroughly mixed to a composite sample. 

All samples were analyzed according to standard procedures of Pawels et al. (1992). The soil fraction 

of 2 mm was used to determine pH (1/2.5 soil water extract) using a pH meter. The soil organic matter 

(SOM) was determined using the Walkley–Black procedure. For Cd, soil samples were digested: 1g 

air-dried and powdered soil sample was taken into a Pyrex beaker and 10 ml of aqua regia was added. 

It was kept overnight and then heated on the hot plate for 2 hours. Then the extracts were filtered and 

the final volume of 100 ml was made with 2M nitric acid solution. Concentrations of Cd in the filtrates 

of digested soils and in the column leachates were measured by an atomic absorption 

spectrophotometer (AAS).  

2.4.  Statistical analyses 

The effects of PG on soil pH, available P and soil total Cd at each depth were analyzed using a one-

way analysis of variance (ANOVA). Significant (P=0.05) differences between means were identified 

using the least significant difference (LSD) test.  

3. Results and discussion 

3.1.  Soil proprieties  

Mean values of the physical characteristics of soil samples (0 – 20 cm) are shown in Table 2. Soil is a 

clayey silt, slightly acidic (pH-H2O = 6.5).   

The soil had low CEC (< 3meq/100 g). Mean value of SOM was 4.2 %. Total soil cadmium (Cd) 

exceeded the permissible limit (1.4 mg.kg-1) set by the Canadian Soil Quality Guidelines (2007) which 

may be due to the natural source of trace element (Cd) in the soil that is the parent material alteration. 

In such moderate acidic pH of the soil, a great influence on the mobility and bioavailability of heavy 

metals occurs (Nigam et al., 2001; Jan et al., 2010). High Cd concentrations at low pH have been also 

reported by Kashem et al. (2006). While metals (Cu, Fe, Mn, Ni, and Zn) are very tightly bound to the 

soil at high pH, they are more available at low pH, and this can cause potential metal toxicities for 

crops in acid soils.  

Table 2. Properties of soil samples collected from the study area 

  Depth (cm)  

 0-20 20-40 40-60 

pH 6.48±0.29 6,57±0.04 6,63±0.15 

SOM a (%) 6.14±0.29 2.94±0.79 1.32±0.43 

P (mg.kg-1) 28.63±1.76 26.23±3.6 29.57±1.4 

CEC (cmol(+).kg-1) 2.59 ±0.28 1.33±0.1 Nd 

Cd (mg.kg-1) 3.7±0.6 4.7±2.1 3.7±1.5 
a Soil organic matter;  ± Standard deviation;  nd: not determined 

 

3.2. Effect of PG application on soil proprieties  

3.2.1.  Effect of PG amendment on soil total cadmium in the column experiment 

Statistical analysis showed that the application of PG had no effect on the amount of Cd percolated 

either in the presence or absence of litter. Similar results was obtained by Nisti et al. (2015) who 

studied in the laboratory the addition of Brazilian PG on columns filled with Brazilian typical sandy 

and clay acid soils with pH 3.8 and 4.9 respectively and percolated with water. Two rates of PG were 

applied for each soil equivalent to 4 t PG.ha-1 and 2 t PG.ha-1 for sandy and clay soil respectively and a 

rate of 10 times of the amount of PG necessary to achieve 50% of the soil base saturation . Results 

showed that PG application to the soils, even in quantities that exceeded 10 times the recommended 

rates, does not contribute to an enhancement of metal contents in leached solution.  
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Figure 1. Cadmium amount in leached solutions for the different treatments. T, D and DL denote control, phosphogypsum 

rate and mixture of litter and phosphogypsum. 2, 4 and 8 denote the PG rates of 2, 4 and 8 t PG.ha-1, respectively. 

The amount of Cd was significantly higher in the first leachates for all PG rates with or without litter. 

So the soil Cd in labile form seems to be rapidly dissolved and percolated (Figure 1). PG addition had 

no significant effects on leached Cd. But in Campbell et al. (2006) Cd transport studies in undisturbed 

soil columns of an acidic soil amended with PG, a significant reduction of the mass recovery of Cd in 

effluent from the soil columns was observed. Significant difference was obtained for the percolates 

indicating that the amount of leached Cd changes with the time. The travel time characteristics were 

affected by PGs additions with retardation values for Cd averaging 1.6 for all treated columns against 

1.2 for the control columns, this difference would result in a significant delay in transport of the metals 

deeper into the soils or to the groundwater table.  

A theoretical evaluation of the environmental consequences of a PG amendment with or without litter 

(Figure 2) was established for the different treatments by calculation of Cd inputs in g Cd.ha-1 soil via 

the different Cd sources (litter and PG), considering the concentration of Cd (mg.kg-1) in each source 

on dry weight basis and the Cd amount in the columns. Cd outputs were based on Cd leached amount 

in the study period.  

 

Figure 2. Balance of cadmium for the different treatments. T, D and DL denote control, phosphogypsum rate and mixture 

of litter and phosphogypsum.  2, 4 and 8 denote the application rates of 2, 4 and 8 t PG.ha-1, respectively. 

 

For PG amended soils the amount of percolated Cd decreased as PG rates increased (Figure 2). 

However, the decrease is not significant. The effect of PG addition on mobility and chemical 

availability of Cd was not clear. For the control soils, the percolated Cd was the effect of rainfall on 

soil Cd. Percolation rate calculated as the ratio between Cd outputs for the three percolates and the Cd 

inputs for PG-amended soils varied between 12% and 30% for the highest rate equivalent to 8 t PG.ha-

1 with and without litter respectively.  Nisti et al. (2015) based on a column experience had reported 

that the Cd concentration in the leachate solutions from the PG amended soil were low (below 

quantification limit 13 mg.L-1). Only a part of soil Cd was affected by lixiviation since trace metals are 

mainly associated with solid soil components and exist in various physico-chemical forms. Thus, total 

concentrations of trace metals in PG amended soils and amounts of leached Cd provided little or no 
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indication of their specific bioavailability, mobility and reactivity. Consequently, the knowledge of 

metal speciation and distribution between different size fractions in PG-treated soils may be useful to a 

better quantification of its potential environmental effects.  

3.2.2. Effect of PG amendment on soil pH under field conditions 

Six months after PG application in situ on Nefza soil, soil pH; available P and Cd contents (mg.kg-1) 

are compared for the 3 soil layers and for all treatments (Table 3). 

Table 3. Nefza acidic soil proprieties under crock oak forest amended with phosphogypsum 

 pH P (mg.kg-1) Cd (mg.kg-1) 

Tillage (T)    

S 6.34±0.37a 27.49±5.01a 3.94±0.82a 

I 6.12±0.38b 18.71±4.41b 4.11±0.97a 

Rates (Mg/ha) (PG)    

0  6.37±0.37a 25.10±4.47a 4.77±0.95a 

2 6.20±0.50a 25.13±5.91a 3.83±0.91a 

4 6.41±0.15a 21.40±6.08a 3.66±0.88a 

8 5.94±0.28b 20.79±4.57a 3.83±0.74a 

Depths (cm) (D)    

0-20  6.15±0.50a 24.29±5 .34a 4.25±0.72a 

20-40 6.18±0.32a 21.86±5.51a 3.87±1.16a 

40-60 6.36±0.29a 23.16±5.26a 3.95±0.76a 

ANOVA    

T * *** NS 

PG *** NS NS 

D NS NS NS 

T×PG ** NS NS 

PG×D NS NS NS 

T×PG×D NS ** NS 

Means with same letter (s) are not significantly different at P<0.05, S: Surface application of PG and I: Incorporation of PG 

to 10 cm , * Significant at P<0.0.5, *** significant at P<0.01  NS: not significant 

 

Both for surface application as for incorporation of phosphogypsum, soil pH were lower in the PG-

amended soils compared to the control. The incorporation of PG induced significant reduction of soil 

pH. Differences due to tillage were statistically significant. Furthermore, PG rates × Tillage interaction 

was also significant. Soil pH variation was between 0.30 and 0.50 pH units, and was no significant 

except for the highest rate (8 Mg.ha-1). The tendency of the highest rate of PG to decrease the soil pH, 

for all layers, may be due to Ca ions in CaSO4 that could displace adsorbed H which then increases the 

H ion activity in the soil solution. Large quantities of Ca may also displace adsorbed Al ions which 

could hydrolyze to produce more H ions in the soil solution, making the soil solution more acidic. 

These processes are known as the “salting effect”. However, because of the SO4 in CaSO4 in Tunisian 

PG (80%), PG has also the potential to neutralize the H ions in soil solutions. In a ligand exchange, the 

SO4 could replace the OH ion tied to Fe or Al oxides and hydrous oxides, mostly in the subsoil, 

bringing OH ions into solution. In fact, several studies (Da Costa and Crusciol, 2016; Soratto and 

Crusciol, 2008 and Caires et al., 2003) had reported that surface phosphogypsum application 

influenced the soil acidity components and observed an increase in the soil pH in the surface layers 

(20-40 cm) after 8 months of PG additions. The effect of PG addition still registered in 40-60 cm 

layer, 32 months after PG additions. A decrease in the exchangeable Al, 12 months after PG 

application, was also reported. In addition, aluminum precipitation could also occur with the formation 

of minerals. Da Costa and Crusciol (2016) reported soil acidification after long term (60 months) 

surface application of PG on tropical acid soils in Brazil suggesting that the acidification processes 

manifest through the pH values, considering the soil buffering capacity and the nutrient extraction 

processes.  However, Li et al. (2015) reported that PG had little effect on soil pH in amended acid 

soils. Several reports described also a lack of crops response to the surface application of soil acidity 

correctives (no-till systems) in the subtropical region of Brazil (Moreira et al., 2001 and Caires et al., 

2011). 
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3.2.3. Effect of PG amendment on soil available phosphorus under field conditions 

The PG used in the study contained about 1.69 mg P.kg-1. The effect of the PG on soil P would be the 

association of its effects as P application and on the native P soil.  

In the present study, the tillage method and the interaction between “Tillage × PG rates × Depths” had 

a significant effect on P availability (Table 3). For the control, the distribution of P is almost identical 

for the three layers showing an initial vertical homogeneity in available P (Figure 3). Only the 

treatment (8 Mg PG.ha-1) with incorporated PG increased available P in the first few centimeters (0-20 

cm) in comparison with the surface application modality. Soil available P decreased globally, showing 

that PG tendency to increase the P retention capacity of the various soil layers (Figure 3). 

 
 

Figure 3. Trends in available P (mg.kg-1) by Depth, of Nefza acidic soil under crock oak forest amended with 

phosphogypsum (PG) with surface application (a) and with mixing of PG (b). 

 

This may be due to the reaction between the Ca from the PG and the soil phosphate ions which 

rendered the P less available. Large amounts of SO4 from the applied PG did not effectively displace 

phosphate in the soil exchange complex. The increased P availability with phosphogypsum described 

by Da Costa and Crusciol (2016) in the first 10 cm layer may be related to the competitive adsorption 

of sulphate and phosphate in acidic conditions (Geelhoed et al., 1997). Lee et al. (2009) reported on 

acid soil that the available P content in the soil increased with increasing addition of PGs associated 

with an increase of soil pH.  
 

3.2.4. Effect of PG amendment on total soil cadmium under field conditions 

The total concentrations (mg kg-1) of Cd in PG used in the present study were 7.5 (Table 1). The mean 

soil Cd concentrations ranged between 4.7 and 3.8 mg.kg-1 for the control and for treated soils 

respectively (Figure 4) exceeding the limit set by the Canadian Council (2007) for contaminated soils.  

 
 

Figure 4. Trends in soil Cd content (mg.kg-1) by Depth, of Nefza acidic soil under crock oak forest amended with PG as 

surface application (a) and with mixing of PG (b) 
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Cd concentration for the control soil was attributed to the fact that the study area corresponds to the 

Triassic dome, the parent rocks are enriched with heavy metals, leading to soil contamination. Besides, 

the study area was near the ancient iron mine of Tamra. The local geology of the area may influence 

the soils. Transportation and release of minerals from their source rocks are very complicated process 

and involve so many variables that it makes it impossible to correctly guess the distance a particular 

mineral can travel. Therefore, to locate the source rocks for minerals, great efforts and investigation 

are needed; during which all tributaries, channels and soils must be checked for the concerned 

minerals, which is not an easy job. According to Dijkstra et al. (2004), the potential for metal ion 

leaching is greater in acid soils, while in soils near neutral pH, dissolved organic material dominates 

metal complexes and the leaching processes. The results showed in Figure 4 indicated that PG had no 

significant effect on the concentrations of Cd for the three depths and for the two tillage modalities.   

Cadmium concentrations and trends were consistent with those reported by Rechcigl et al (1992) 

stating that an application of 20 Mg PG.kg-1 on acidic soils (pH=5.4) had no significant effect on 

heavy metals (Hg, Sr, Cd, Cu and Pb) concentrations of the soil.  The formation of Al-hydroxyl 

polymers onto organic and inorganic particles and the addition of ligands such as sulfate and 

phosphate anions in the amendments enhanced the metal sorption capacity to the soil (Garrido et al., 

2006).  

 

4. Conclusion 

The results of the column and field studies demonstrate the beneficial effects of phosphogypsum 

application to acid-affected soil. The applied amendment reduced the mass recovery of Cd in effluent 

for the column experiment. Although the difference between the treated and control column leached 

Cd was not large, this difference would result in a reduction of the amount of Cd travelling deeper into 

the soils or to the groundwater table. Therefore, the potential of PG to reduce metal leaching in 

polluted agricultural soils should be considered. For the field experiment PG addition had decreased 

soil pH and had no effect on available P except for the highest rate of 8 Mg.kg-1 with incorporated PG 

to 10 cm. No significant effect of PG addition on soil Cd contamination was reported even with high 

PG rates in these polluted soils. This study was a primary effort to estimate the possibility of using this 

industrial by-product as soil amendments. And further studies are needed to establish the economic 

feasibility based on the marginal rate of return from phosphogypsum application of such project since 

the fertilizer factory and PG storage are located in the southern Tunisia. 
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