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Abstract: Speciation analysis of heavy metals in sewage sludge provides a better understanding of the extent of mobility 

and bioavailability of the different metal fractions and helps in more informed decision making on application of sludge for 

agricultural purposes. Assessment of bioavailability of metals based on regulations expressed in terms of total metals alone 

may be conservative and restrictive from the point of view of the use of sludge for agricultural applications. Total metals may 

also be poor indicators of uptake by plants. Sewage sludge samples generated from seven wastewater treatment plants in 

Swaziland were analyzed for the four fractions of metals species, namely, exchangeable, reducible, oxidizable and residual 

fractions. The experimental results indicated that arsenic was predominantly associated with the residual matrix. Chromium 

was dominantly found in the residual fraction followed by oxidizable fraction. Lead and copper were predominantly 

associated with oxidizable fraction (bound to organic matter). For more polluted effluents such as Matsapha waste water 

treatment plant, some metals such as nickel were also found significantly in the mobile fraction. By contrast zinc and to a 

certain extent nickel were present in significant proportions in the more mobile (exchangeable) fraction. The experimental 

result indicated that the percentage immobility ranges from 10% to 70% with respect to the residual solid fraction of the 

metals which should be considered as an additional safety factor in the assessment of the suitability of the sludge for 

agricultural uses with respect to heavy metals. 
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1. Introduction 

It is generally acknowledged that information based on 

total metals alone is not enough to determine the mobility 

and bioavailability of heavy metals in sludge and their 

potential impact on the environment. The bioavailability 

and toxicity of heavy metals critically depend on the 

chemical form of heavy metals [2]. Sometimes despite a 

given metal exceeding the limit in terms of the total metals, 

it may exist in the less mobile form with limited impact on 

the environment. The movement of metals in sludge 

amended soils also depends on the composition of the 

sludge. For example sewage sludge with high iron oxide 

can reduce the risk of pollution by heavy metals because of 

adsorption of heavy metals by the oxides [49]. The 

associated hazard of heavy metals, therefore, must not be 

evaluated based on the total metal contents alone [20].  

According to Tessier et al. [61], heavy metals forms can 

be classified into four separate fractions:  

1. The exchangeable fraction affected by ionic 

composition, pH, sorption and desorption processes;  

2. The reducible fraction that consists of metals attached 

to iron and manganese oxides and which are unstable 

under anoxic conditions;  

3. The oxidisable fraction that can be released when the 

organic matter is degraded leading to release of soluble 

metals under oxidizing conditions and ;  

4. The residual fraction that contains mainly primary and 

secondary minerals, which may hold metals within 

their structure. 

The above categorization is by no means universal and 
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there are various forms of classifications employed for 

fractionation of metals in sludge. In addition, the chemical 

extraction procedures used are also variable. There are wide 

ranges of procedures used for extraction and up to now, 

there is no one single method that is exclusively suggested 

and accepted by the scientific community. This has the 

implication that scientific results obtained by different 

researchers may, to a certain extent, be difficult to compare. 

Generally the availability of metals in the different 

fractions is approximately proportional to the total amount 

of metal present [45]. This implies that the availability of 

metals increase with increasing contents of the metals in 

sewage sludge or with increasing deposition of the metals 

in the soil with time. 

1.1. Forms of Metal Binding 

1.1.1. Metals Bound onto Exchangeable Sites 

The exchangeable form of heavy metals can be 

considered as mobile and it can be used to quantify the 

short term availability of heavy metals for leaching or 

uptake by plants [5]. They are considered to be the ones 

that occur in the ion exchange complexes and which are 

elucidated depending on the ionic composition of pore 

waters. They also include metals which are bound to 

carbonates that can be easily released at lowered soil 

reaction and are easily available to plants [18]. Silicate 

minerals provide sites for cation exchange and a few sites 

for chemical adsorption of heavy metals [8]. Soils and 

sludges with higher cation exchange capacities have greater 

tendency for retaining metals. For example, cadmium 

retention has been observed to be higher in soils with 

higher cation exchange capacity [35, 28]. Kuo et al. [28] 

showed that Cd retention was greater in fine textured soils 

with high cation exchange capacity (CEC) compared to 

coarse-textured soils with lower CEC. McBride et al. [35] 

showed that Cd retention was most closely related to the 

exchangeable base content of the soil. Hydrogen ion 

activity (pH) is probably the most important factor 

governing metal speciation, solubility from mineral 

surfaces, transport, and eventual bioavailability of metals in 

solutions. pH affects both solubility of metal hydroxide 

minerals and adsorption-desorption processes. Most metal 

hydroxide minerals have very low solubility under high pH 

conditions in natural water. Because hydroxide ion activity 

is inversely related to pH, the solubility of metal hydroxide 

minerals increases with decreasing pH, and more dissolved 

metals become potentially available for involvement in 

biological processes as pH decreases. Ionic metal species 

also are commonly the most toxic forms to aquatic 

organisms [48]. Many metals at high soil contamination 

levels will form precipitates with oxides, hydroxides and 

carbonates [21] ,especially at higher soil pH. 

1.1.2. Metal Adsorbed to Oxides 

Oxides of iron, aluminum and manganese can provide 

sites for chemical adsorption of metals. These groups of 

metals include the ones that are bound to manganese oxides 

and amorphous iron oxides and silicates [41]. Adsorption, 

which occurs when dissolved metals are attached to 

surfaces of particulate matter (notably iron, manganese, and 

aluminum oxide minerals as well as clay, and organic 

matter), is also strongly dependent on pH and, of course, 

the availability of particulate surfaces and total dissolved 

metal content [3, 15]. Cadmium and zinc tend to have 

adsorption edges at higher pH than iron and copper, and 

consequently they are likely to be more mobile and more 

widely dispersed. Adsorption edges also vary with 

concentration of the complexing agent; thus, increasing 

concentrations of complexing agent increases pH of the 

adsorption edge [3]. Major cations such as Mg
2+

 and Ca
2+

 

also compete for adsorption sites with metals and can 

reduce the amount of metal adsorption [48]. Increase in the 

pH of the soil results in precipitation of heavy metals with 

oxides, hydroxides and carbonates decreasing thereby the 

mobility of the metals [21]. Metals bound to oxides are thus 

stable but dangerous because they can be slowly released or 

changes in the condition in the soil such as 

reduction-oxidation conditions within the soil can make 

them available with time. Particulate size and resulting total 

surface area available for adsorption are both important 

factors in adsorption processes and can affect metal 

bioavailability [32]. Metals released into fine-grained soils 

such as silt-clays can have much lower environmental 

impact than those released into sands or coarse-grained 

soils with lower surface area and adsorption.  

1.1.3. Metal Complex in Organics 

Sludge organic matter has the ability to complex and 

retain metals. Copper is often strongly bound to soil 

organic matter [36]. Metals bind with functional groups 

such as carboxyl, phenol, alcohol, carbonyl and metoxyl 

[55]. There is uncertainty regarding the degree of mobility 

of metals bound to the organic fraction. According to 

Brummer [4], the organic and residual forms are stable in 

the soils and not available to plants. Karapanagiotis [23] 

also stated that the extractability of metals can be reduced 

after many years of sludge addition, and this behavior may 

result from the increase in soil organic matter content, an 

argument supporting the plateau theory of stabilization of 

heavy metals in sludge amended soil in the long run. On the 

other hand, Hanay et al. [19] stated that metals bound to 

organic matter display a considerable degree of mobility 

and plant availability. This last statement maybe supported 

on the basis of the ‘time bomb theory’ whereby 

mineralization of the organic matter over a long time can 

make heavy metals released from the organic fraction later 

become mobile and available for uptake by plants. The 

mobility of metals can be enhanced by its complexation 

with dissolved organic matter (DOC) which increases the 

extent of leaching of metals in soil [39, 50]. 

Organic compounds such as low molecular weight 

humus fractions contain phenolic (Ph-OH) and carboxylic 

(-COOH) groups in higher concentrations that chelate 

metals and form stable non soluble complexes. Chelation is 



American Journal of Environmental Protection 2014; 3(4): 198-208 200 

 

pH dependent, because at low pH the metals must compete 

with H+ ions for coordination sites on the functional groups 

[8]. Fluvic acid metal complexes are soluble while humic 

acid complexes are insoluble [34]. In soluble complexes, 

metals can be available to plant uptake, while in solid 

complexes they are immobilized. Bioavailability of metals 

can diminish because of decrease in organic matter 

decomposition with time and stabilization of dissolved 

organic matter and change to insoluble ones [34, 51]. 

McBride [35] suggested the following sequence of affinity 

of divalent metal ions for organic matter: Cu> Ni> Pb> 

Co> Ca> Zn> Mn> Mg. In general, the more 

electronegative the metal ion, the stronger the bond formed 

with organic matter [52].  

1.1.4. Metals Bound into the Soil Residue 

The residual forms of heavy metals are bound to the 

mineral lattice and can be considered the inactive fraction 

in terms of chemical processes in the soil. The residual 

form is divided into heavy metals found in between the 

mineral layers and the ones specifically adsorbed on the 

edge of clay layers and unable to be extracted by reagents 

[6].  

The mechanism of accumulation of heavy metals at the 

interface between the soil/sludge and solution is by 

adsorption and this chemical process controls the behavior 

and bio availability of metals [1, 57]. The adsorption sites 

on the soils include hydroxyl groups of the clay silicate and 

metal oxides, carboxyl, amine, phenolic and hydroxyl 

groups existing on the surface of soil organic matter [58]. 

The mechanism of adsorption may involve a non-specific 

cation exchange and specific adsorption. The forces 

involved are physical forces such as the weak van der Waal 

forces or the electrostatic attraction. Chemical forces 

involve inner sphere complexation [57]. Several factors 

influence the adsorption process such as the characteristics 

of the sites of the solid phase, the metal content and 

chemistry, concentration of all ligands, soil pH, electrical 

conductivity and redox potential [25]. 

1.2. Speciation of Metals in Soil and Sludge  

The occurrence of heavy metals among the different 

fractions varies with the metal’s chemistry, sludge and soil 

characteristics. Gawdzik and Gawdzik [18] reported that 

most of the metals analyzed from a sewage sludge exist in 

the less mobile fractions (organically bound and residual 

fractions) while the mobile fractions are found to be low. 

Stylianou et al. [60] in their speciation analysis of sludge 

obtained nickel fraction mainly in the exchangeable form 

followed by organic, residual and reducible forms. Copper 

was found in decreasing order of organic, exchangeable, 

residual and reducible forms. Lead was found in the 

decreasing order of organic, residual, exchangeable, and 

reducible. Zinc was found in the decreasing order of 

exchangeable, organic, reducible and residual. Jakobus and 

Czekała [20] observed the percentage of elements in the 

easily mobile (exchangeable) forms decreases in the order 

Ni > Cd > Zn > Cr > Cu.  

In general, application of sewage sludge leads to an 

increase in soil heavy metals in the different fractions 

because of the relatively low concentration of heavy metals 

in soils [45]. In addition, application of sewage sludge can 

alter the distribution of heavy metals in soils among the 

different fractions. This redistribution can happen because 

of change in pH, organic matter content and other 

characteristics of the sewage-soil mixture. Kiikkila et al. 

[26] studied the effect of bio solids as organic immobilizing 

agents and observed that exchangeable Cu concentration 

decreased. Rosazlin et al. [45] found a decrease in the 

residual fraction of cadmium in soil after application of 

sewage sludge while the content in the exchangeable 

fraction increased. The organic fraction of copper in soil 

increased compared to the sewage sludge organic fraction. 

This is attributed to formation of soluble organics from the 

decomposition of sludge that has greater affinity for copper 

ions. Other researchers also found similar trend of 

association of copper with organic matter in soil [47, 44]. 

The exchangeable component of copper tends to decrease 

after application of sewage sludge to soil due probably to 

formation of stable complexes between copper and organic 

matter in the soil and due to sorption by hydrous oxides in 

the soil as well as formation of insoluble precipitates [53].  

According to Rosazlin et al. [45], application of sewage 

sludge to soil reduced the residual fraction of Nickel and 

increased the soluble and carbonate fractions. The 

predominance of nickel in carbonate form also means that 

liming of sludge would not change the stability of nickel in 

soil as it already existed in the precipitated (carbonate) 

form. Soils to which sewage sludge have been applied were 

seen to show no change of lead metal from the form that 

occur in the sludge [64]. Lead even though it might be 

available in the exchangeable form, little is taken up by 

plants. This is evidence that lead is very immobile in the 

soil-plant pathway [27]. Increasing application of sewage 

into soil is seen to increase the fraction of zinc bound to 

oxides [31]. Lindsay [30] on the other hand reported that 

the solubility of Zn in soil solutions increased 100-fold for 

each unit decrease in pH. 

Correlation studies of heavy metal uptake by plants and 

metal fractions indicated certain association of metal 

uptake with total metal available, metal available in 

specific fractions and soil-sludge characteristics. The total 

concentrations of heavy metals in soil do not indicate the 

amounts that are available for plant uptake [59]. Total 

metals may be poor indicators of uptake by plants further 

justifying the need for fractional analysis of metals in soil 

and sewage sludge. Rosazlin et al. [45] found significant 

correlation of cadmium in plant grains with the organically 

bound fraction of cadmium in the soil. Copper in grains 

was also positively correlated with the organically bound 

copper in soil and the copper present in the oxide and 

carbonate forms. Zhang et al. [67] reported that the zinc 

available for plant uptake is associated with the Fe-Mn 

oxide fraction of zinc in the soil. On the contrary, Reneau et 
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al. [42] reported negative correlation between zinc plant 

uptake and zinc present in soil fractions because Zn in soils 

is not easily transported into the plant because of migration 

characteristics in the soil-plant route despite the presence of 

a high content of heavy metals in soils. Lead in plants was 

negatively correlated with concentration of lead in soil 

further confirming the immobility of lead in the soil-plant 

path way [45]. Gawdzik and Gawdzik [18] found a 

decreasing trend between the mobile fraction of heavy 

metals in sewage sludge and the waste water treatment 

plant capacities. The recovery rate of speciation analysis of 

metals is obtained by taking the ratio of the sum of metal 

species in each fraction to the total metal obtained by a 

separate acid digestion procedure. The recovery rate has 

been reported to be in the range between 65.1%- 106.4% 

[66, 19]. 

Table 1. Speciation results for sewage sludge from different researchers [45, 13, 18, 19]. 

 Exchangeable fraction (%) Reducible fraction(%) Organically bound fraction (%) Residual fraction (%) 

Cadmium (Cd) 40, NA, 10, 10.5 14, NA, 13, 19 12, NA, 34, 0.2,  34, NA, 43, 70.3, 

Nickel (Ni) 27, NA , 9, 46 11, NA, 13, 12, 7, NA, 38, 4,  55, NA, 40, 38,  

Zinc (Zn) 18, 3.4, 16, 16 26, 92.6, 22, 22,  12, 2, 12, 30,  44, 2, 50, 32,  

Copper (Cu) 4, 4, 2, 15 6, 60, 2, 24  56, 13, 61, 42,  34, 22, 35, 19,  

Lead (Pb) 12, 0.5, 1, 0.2 2, 88, 3, 43,  3, 0.5, 0, NA 83, 11, 92, 56.8 

Chromium (Cr)  NA , 0, 9, 3,  NA, 50, NA, 5, 10  NA, 26, 22, 83,  NA, 24, 62, 4,  

 

2. Materials and Methods 

2.1. Sludge Sampling 

Sludge samples were collected from seven wastewater 

treatment plants in Swaziland for the analysis of total 

metals and determination of physico-chemical 

characteristics of the sludge (Table 2). The wastewater 

treatment processes that take place in each of the treatment 

plants are given in Table 2 below. Samples were collected 

using plastic bags that were pretreated with dilute nitric 

acid and rinsed with distilled deionized water. Some of the 

sludge samples collected such as the ones from Matsapha 

and Ezulwini wastewater treatment works represent 

different ages as some of the sludge samples from these 

sites were stored for several years. Both fresh and old dried 

sludge have been collected separately in order to 

investigate the variation in metal contents as well as sludge 

characteristics over time. Sludge samples after collection 

were dried at room temperature and thereafter stored in a 

refrigerator at 4 
0
c.  

2.2. Sample Pretreatment 

The dried sludge samples were first passed through a 2 

mm sieve eliminating roots, stones, plastics, grass and other 

impurities. The samples were then powdered to fine sizes 

using mortar and pestle and thoroughly mixed to achieve 

homogeneity. The powdered sludge sample was then sieved 

mechanically to obtain a fraction that is less than 63 µm. 

The sludge samples after this step were stored in plastic 

containers at room temperature until they were analyzed. 

2.3. Determination of Sludge Physico-Chemical 

Characteristics 

A minimum of three replicates from each of the prepared 

samples as mentioned in sample pretreatment above were 

taken for the determination of physico-chemical 

characteristics of the sludge samples. The parameters 

determined include: pH, electrical conductivity, moisture 

content, dry solids percentage, volatile and fixed solids, 

organic matter, organic carbon, available nitrogen, available 

phosphorous and cation exchange capacity. 

2.4. Total Metal Determination 

The total metal determination was done using two 

methods for comparison and quality assurance purposes. 

The methods used were atomic absorption spectrometer 

(Varian–AAS) and Inductively coupled plasma atomic 

emission spectrometry (ICP-OES). The metals analyzed 

include: Al, As, Cd, Cr, Co, Cu, Fe, Pb, Mn, Mo, Ni, Se, Sn, 

Ti, V, Zn, and Zr. Sample digestion was carried out 

according to METHOD 3050B of the USEPA: acid 

digestion of sediments, sludge and soils [63].  

For the digestion of sample a 1.000 gm. of prepared 

sludge was weighed using analytical balance of ± 0.001 

precision and transferred to heating mantles with reflux 

(vapor recovery device). Initially 10 ml of 1:1 HNO3 was 

added and the sample was heated to 95 0C and reflux for 10 

to 15 minutes without boiling. After cooling, 5 ml of 

concentrated HNO3 was then added to the sample and the 

sample was refluxed for 30 minutes and the procedure of 

adding 5 mL of concentrated HNO3 was repeated until no 

brown fumes were generated indicating completion of 

reaction with HNO3. The sample was then heated for 2 

hours at 95 
0
c. After completion of the above steps and the 

sample has cooled, 2 mL of water and 3 mL of 30% H2O2 

were added and the sample was slowly warmed to start the 

peroxide reaction. The H2O2 addition was continued in 1 

mL aliquots to a maximum of 10 mL and the sample was 

heated for two hours at 95 
0
c with a reflux. After 

completion of the peroxide digestion, the sample was 

cooled and 10 mL of concentrated HCl was added and the 

sample was slowly heated to 95 
0
C and the heating 

continued for 15 minutes with a reflux. The digested 

sample after cooling was filtered through a 0.45µm filter 

and the filtered digested volume was adjusted to 100 mL 

using distilled deionized water. After this the sample was 

fractionated to two 50 mL volumes for analysis by the AAS 

and ICP-AES. 

All quality control measures have been observed 
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throughout the sample preparation and analysis steps. 

Distilled-deionized water has been used for dilution and 

rinsing. All containers and glassware have been thoroughly 

washed and rinsed with 2% HNO3 prior to use in the 

analysis. Stock solutions of analytical grade chemicals were 

used for preparation of primary and secondary standards for 

each of the metals analyzed. For determination of 

parameters describing sludge characteristics, analytical 

regent grade chemicals have been used and the standard 

operating procedures as given for the respective methods 

were followed. For the determination of method detection 

limits for metals a number of blank samples prepared using 

distilled- deionized water were processed through the same 

steps as those of the samples and metal determinations 

were similarly made. Spike recovery analysis of each metal 

was made to determine the recovery due to matrix effects. 

Table 2. Wastewater treatment processes that take place at the seven wastewater treatment plants in Swaziland included in the research 

 Location Wastewater treatment processes Sludge collected from 

1 Hlathukulu 
Settlement tank, waste stabilization pond, constructed 

wetland. 
From sludge pile taken from waste pond 

2 Matsapha Waste stabilization pond From stored sludge pile taken from waste pond 

3 Nhlambeni 
Settlement, Percolating filter and anaerobic  

digester. 

Sludge sample taken after anaerobic digestion. Dried sludge 

and fresh sludge from sludge drying bed. 

4 Nhlangano Waste stabilization pond Anaerobic pond 

5 PiggsPeak Waste stabilization pond Anaerobic pond 

6 Siteki Settlement, Percolating filter and anaerobic digester. Sludge sample after secondary settlement tank 

7 Ezulwini 
Settlement, Percolating filter and anaerobic 

digester. 

Sludge sample taken after anaerobic digestion. Dried sludge 

and fresh sludge from sludge drying bed. 

 

2.5. Sequential Extraction for Metal Speciation 

The sequential extraction process used in this research is 

based on the work of the Community Bureau of Reference 

(formerly called BCR now named Measuring and Testing 

programme) using the latest recommendation that 

harmonizes the sequential extraction schemes for the 

determination of metal fractions [40, 2].  

2.5.1. Exchangeable Metal Fraction 

For each of the samples analyzed, 1.000 g of dry sewage 

sludge as prepared using the procedure described in sample 

pretreatment above was extracted with 40 mL of acetic acid 

(0.11 mol. L
-1

) into 100 mL centrifuge tubes. For the 

extraction process, the samples were shaken for sixteen 

hours at room temperature using a mechanical shaker set at 

a speed of 40 revolutions per minute. The liquid extract was 

then separated from the solid residue by centrifugation at a 

speed of 4000 revolutions per minute. After centrifugation, 

the liquid portion in the tube was carefully decanted into a 

dry polyethylene bottle (washed rinsed with distilled and 

deionized water and rinsed with 2% nitric acid) and stored 

at 4 
0
C for analysis of exchangeable metal fraction. 

2.5.2. Reducible Metal Fraction 

The solid residue remaining from the exchangeable 

metal fraction process described above was extracted with 

40 mL of 0.1 mol. L
-1 

hydroxyl ammonium chloride 

( NH2OH.HCl) at a pH of 2 maintained by the addition of 

nitric acid. The extraction and solid-liquid separation 

processes that followed were similar to the one described 

for the exchangeable metals extraction above except for the 

extracting chemical used.  

2.5.3. Oxidizable Metal Fraction 

The residue from the reducible metal fraction process 

above was treated by careful addition of 30% hydrogen 

peroxide (H2O2) in small aliquots. The centrifuge tube was 

covered with a watch glass at room temperature for 1 hour 

with occasional manual shaking. Digestion was continued 

by maintaining a heating temperature of 85 
0
C for a period 

of 1 hour. After this step of heating the cover was removed 

and the sample was further heated until the volume content 

in the tube was reduced to 1-2 mL. A second 10 mL aliquot 

of hydrogen peroxide was added and the tube was again 

covered and heated at 85 
0
C for one hour. Afterwards, the 

cover was removed and the volume was reduced as before. 

A volume of 50 mL of ammonium acetate (1 mol. L
-1

 

adjusted to pH =2 with nitric acid) was added to the cool 

moist residue. The sample was shaken, centrifuged and the 

extract separated as described in the previous steps above. 

2.5.4. The solid residue fraction 

Sludge residue from the extraction for oxidizable 

fraction process above was digested following similar 

procedure used for total metal determination mentioned 

above. 

3. Results and Discussion 

The results of the ICP-OES based speciation analysis for 

some of the heavy metals are provided in Table 3. The 

fractions determined are for the exchangeable, reducible, 

oxidizable and solid residue fractions. Arsenic was found 

predominantly in the oxidizable (organic) fraction (28 %) 

and the solid residue (72 %) in terms of the median average 

over the seven wastewater treatment plants. The 

exchangeable and reducible fractions of arsenic are below 

the detection limit indicating the limited temporary mobility 

of arsenic in sludge.  Chromium was found in the range: 

Exchangeable (0%), Reducible (0%), Oxidizable (45%) and 

solid residue (45%). Copper was found in the range: 

Exchangeable (0%), Reducible (0%), Oxidizable (83%) and 
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solid residue (13%). Lead was found in the range: 

Exchangeable (0%), Reducible (0%), Oxidizable (84%) and 

solid residue (16%). Zinc was found in the range: 

Exchangeable (41 %), Reducible (31 %), Oxidizable (24%) 

and solids residue (4%). Nickel was found in the range: 

Exchangeable (0%), Reducible (0%), Oxidizable (27 %) and 

solids residue (72 %). 

Table 3. Speciation analysis of sewage sludge samples from seven wastewater treatment plants in Swaziland 

Sample 

Metal species: E= Exchangeable; R= Reducible ; O = oxidizable ; S = Residue 

Arsenic Cobalt 

E (%) R (%) O (%) S (%) E (%) R (%) O (%) S (%) 

Ezulwini 0 0 28 72 0 0 38 62 

Hlathukulu 0 0 40 60 0 0 20 80 

Matsapha 0 0 29 71 0 0 30 70 

Nhlambeni 0 0 36 64 0 0 36 64 

Nhlangano 0 0 3 97 0 0 7 93 

Pigspeak 0 0 21 79 0 0 11 89 

Siteki 0 0 28 72 0 0 37 63 

 Copper Nickel 

 E (%) R (%) O (%) S (%) E (%) R (%) O (%) S (%) 

Ezulwini 2 5 82 10 0 0 25 75 

Hlathukulu 0 0 26 74 0 0 28 72 

Matsapha 4 5 83 8 32 11 27 30 

Nhlambeni 3 3 83 10 2 0 28 71 

Nhlangano 0 0 86 14 0 0% 0 100 

Pigspeak 0 0 82 18 0 0 8 92 

Siteki 0 0 87 13 0 0 33 67 

 
Tin Chormium 

E (%) R (%) O (%) S (%) E (%) R (%) O (%) S (%) 

Ezulwini 0 0 35 65 0 0 39 61 

Hlathukulu 18 0 36 46 0 0 45 55 

Matsapha 0 0 58 42 0 0 56 44 

Nhlambeni 0 0 62 38 0 0 64 36 

Nhlangano 0 0 22 78 0 0 29 71 

Pigspeak 0 0 26 74 0 0 28 72 

Siteki 0 0 61 39 0 0 53 47 

 Zinc Lead 

 E (%) R (%) O (%) S (%) E (%) R (%) O (%) S (%) 

Ezulwini 44 40 13 2 0 0 84 16 

Hlathukulu 20 14 42 24 0 0 8 92 

Matsapha 63 20 13 4 0 0 92 8 

Nhlambeni 52 32 14 2 0 0 84 16 

Nhlangano 40 31 28 2 0 0 75 25 

Pigspeak 41 32 22 4 0 0 89 11 

Siteki 34 36 26 3 0 0 84 16 

 

 

Figure 1. Speciation of arsenic for sewage sludge samples taken from 

wastewater treatment plants in Swaziland. 

The speciation result for arsenic is provided in Figure 1. 

Arsenic is seen largely associated with the residual matrix 

for the majority of the sludge analyzed followed by 

adsorption onto the oxidizable organic matter. The 

exchangeable and reducible components are negligibly 

small. The data indicate the high degree of immobility of 

arsenic in sludge. Similar researches showed arsenic is 

strongly associated with the residual soil matrix. According 

to Rivera et al. [43], arsenic is adsorbed into the soil matrix 

through the formation of an outer sphere complex via 

electrostatic or van der Waals attractions. As mentioned 

earlier these forces are strong and irreversible contributing 

to the high degree of immobility of arsenic. The arsenate 

fraction As (V) which is present in more oxidized conditions 

is more strongly adsorbed than the arsenite A (III) fraction. 

The organic arsenic form which is shown in the data plot can 

be of concern because of the high mobility of the organic 

arsenic form in biological systems [54].  

The plot of metal fractions of chromium for the sludge 

samples taken from the seven wastewater treatment plants in 

Swaziland is provided in Figure 2. The predominant forms 

of chromium fractions are the oxidizable and solid residue 
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fractions while the exchangeable and reducible components 

are negligibly small.  Similar research works also point out 

that chromium is found in the less mobile oxidizable and 

residual fractions. Other authors also reported chromium 

associated with organic matter or precipitated [38]. Hanay et 

al. [19] also reported the dominant form of chromium in the 

oxidizable form. This may have a correlation with the 

oxidizing character of chromium. The trivalent cation is 

relatively immobile because this form has a strong affinity 

for negatively-charged ions and colloids [16]. Other authors 

indicated significant concentration of chromium in the 

reducible fraction. Czekala [12] for example reported that 

chromium despite its ability to complex with fulvic acid is 

often found in the less mobile fractions including metal 

oxides and hydroxides mainly in the trivalent ion form. 

Egiarte et al. [13] also reported that chromium was found 

mainly with the metal oxides (50%), while 26% was 

organically bound and 24% with the residual fraction. 

 

Figure 2. Speciation of chromium for sewage sludge samples taken from 

wastewater treatment plants in Swaziland. 

The plot of copper speciation fractions is given in Figure 3. 

As can be seen from the figure copper is found 

predominantly in the oxidizable form followed by the 

residual fraction which is significantly smaller than the 

oxidizable fraction. The reducible fraction is limited unlike 

what has been reported by other researchers. The data in the 

figure indicate samples from Matsapha, Ezulwini and 

Nhlambeni treatment plants which receive greater industrial 

discharges and which as a result contain higher 

concentrations of copper also have copper available in the 

mobile fractions. Other authors [9, 33, 7, 46] also showed 

copper has the lowest mobility. Copper is immobilized by 

binding with the mineral fraction of the sludge (iron oxides) 

and in the bonds of organic and residual fractions. The 

presence of humic acids that are only slightly soluble is of 

significance in the context of the stability of copper by 

binding with such compounds [10]. Egiarte et al. [13] found 

copper fraction in sewage sludge mainly associated with Fe 

and Mn oxides (60%) followed by organic fraction (22%) 

and residual fraction (13%). The exchangeable fraction was 

only 4% confirming the lack of mobility of copper in sludge. 

Several authors found copper mainly associated with the 

organic fraction [45]. This finding is consistent with the 

known affinity of copper for organic matter ligands. Hanay 

et al. [18] also found copper predominantly in the oxidizable 

fraction. The mobility and bioavailability of copper if any 

may be controlled by the binding of copper to the soluble 

part of organic matter because of the special affinity of 

copper to organic matter [22]. 

Figure 4 shows a plot of the speciation data of Nickel for 

the sludge samples analyzed. While Nickel is found 

predominantly in the oxidizable and residual forms for 

several samples, the data from the Matsapha sludge sample 

shows significant fraction present also in the exchangeable 

and reducible forms. The cadmium data is not presented 

because the cadmium concentrations were below the 

detection limits for all the samples analyzed. Nickel and 

Cadmium are often found in greater quantities in the mobile 

fractions [22]. Within organic matter they have a preferential 

bonding with the largely soluble fulvic acids which partly 

explains their high degree of mobility [5, 10]. ). Hanay et al. 

[19] also indicated the predominant form of nickel in the 

exchangeable form. Chelopeka [11] indicated that cadmium 

that is often associated with carbonate in sewage sludge can 

become easily exchangeable and mobile in soil under acidic 

conditions. The part of cadmium that is in exchangeable 

form is loosely bound with the surface of clay rather than 

forming a stronger oxide adsorption and can be easily 

released into solution [62]. Cadmium is, therefore, easily 

available for plant uptake.  

On the other hand, Rosazlin et al. [45] found higher form 

of cadmium in the residual fraction (34%) followed by the 

exchangeable form (24%). Hanay et al. [19] also found 

higher fraction of Cadmium in the residual. This finding is 

also supported by Wang et al. [65]. Rosazlin et al. [45] 

reported a higher concentration of zinc in the residual form 

(55%) followed by the carbonate form (22%). Cadmium is 

known to bind rather loosely with organic matter and could 

be extracted easily in the exchangeable portion. Cadmium, 

as such does not appear to form strong organic complexes 

(58, 24]. Salas et al. [47] also reported low concentration of 

cadmium bound with organic matter. 

 

Figure 3. Speciation of copper for sewage sludge samples taken from 

wastewater treatment plants in Swaziland. 

The speciation data for lead is plotted in Figure 5. Lead is 

seen predominantly associated with the oxidizable fractions 

while the mobile exchangeable and reducible fractions are 

negligibly small for all the samples analyzed. Lead is 

reported to have low mobility although significant 

concentration can be found in the metal oxide fractions. 

According to Egiarte et al. [13], lead is associated mainly 
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with Fe-Mn oxides (89%) followed by residual fraction 

(11%) and the remaining (1%) distributed among other 

fractions. 

 

Figure 4. Speciation of nickel for sewage sludge samples taken from 

wastewater treatment plants in Swaziland. 

The mobility of lead as such is limited. Other authors have 

also reported a very low labile form of lead [29]. Forbes et al. 

[17] and Eick et al. [14] also reported low solubility of Pb 

and its high affinity for metal oxides. Rosazlin et al. [45] also 

reported a higher percentage of lead in the residual fraction 

(84%) followed by exchangeable form (9%). Other reports 

suggest low availability of lead in the exchangeable form. 

Other researchers also found Pb to be principally distributed 

between oxidizable and residual fractions [65, 66]. 

According to Silvera and Sommer [53], a higher 

exchangeable form of lead was found in air dried sewage 

sludge than in wet sludge (indicating the effect of drying on 

sludge samples). 

 

Figure 5. Speciation of lead for sewage sludge samples taken from 

wastewater treatment plants in Swaziland. 

The speciation data for zinc is plotted in Figure 6. As can 

be seen from the figure zinc is found in the exchangeable 

and reducible fractions as well as the oxidizable and residual 

portions of the sludge. The significant concentrations of zinc 

in the exchangeable and reducible fractions indicate the 

higher mobility of zinc. McLean and Bledsoe [37] stated that 

zinc can exist in considerable fraction in the exchangeable 

form, mainly as carbonate, and its stability is pH dependent. 

Zinc is also seen to absorb largely on oxides, organics and 

residual fractions and the stability of zinc increases with 

increasing pH [4]. Egiarte et al. [13] reported zinc mainly 

associated in iron, manganese and aluminum oxides (93%) 

while the remaining 7% was distributed among the other 

fractions. Co-precipitation and occlusion of Zn with Fe and 

Al oxyhydroxides may become an important mechanism for 

retention of Zn in these wastes other authors [33, 45] 

reported zinc concentration mainly in the residual form 

(43%) followed by Fe-Mn oxides (27%). Hanay et al. [19] 

also reported zinc primarily associated with the residual and 

oxidizable fractions. Sommers [56] suggested 

co-precipitation during sewage treatment as possible 

mechanism for the association of zinc with iron and 

manganese oxides. 

 

Figure 6. Speciation of zinc for sewage sludge samples taken from 

wastewater treatment plants in Swaziland. 

4. Conclusion 

The analysis data showed that for most of the metals 

including, arsenic, chromium, lead, copper, significant 

fractions of the metals are associated with the oxidizable 

organic and residual fractions. The affinity of copper and 

lead for the organic matter and the residual matrix is 

supported by the results of the analysis that show higher 

fractions of the copper and lead bound in these fractions. 

The order of adsorption of metal species onto the organic 

matter is revealed by the data obtained for the oxidizable 

fraction which follows the trend (according to median 

averages): Pb (84%) > Cu (83%) > V (57%) > Cr (45%) > Fe 

(37%) > Sn (36%) > Co (30%) > As (28%) > Ni (27%) > Zn 

(22%) > Ti (16%) > Al (15%) > Mn (13%) . By contrast zinc 

and for some of the samples nickel are less adsorbed onto the 

organic matter and are present in significant proportions in 

the more mobile exchangeable and reducible fractions of the 

sludge. The greater concentration of zinc in the mobile 

fraction could possibly be due to the low pH of the sludge 

which limits precipitation of zinc carbonate as well as 

adsorption onto metal oxides. Conditioning of the sewage 

sludge with lime may improve the heavy metal immobility 

within the sludge particularly of the more mobile fractions 

such as zinc and nickel.  

The presence of significant component of the heavy 

metals in the residual fractions is a good measure of the 

metal immobility and their non-bioavailability. Assessment 

of bioavailability of metals based on statutory regulation 

expressed in terms of total metals may be conservative and 

restrictive from the point of the use of sludge for agricultural 

applications. The data presented indicated the percentage 
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immobility ranging from 10% to 70% with respect to the 

residual fractions of the metals which should be considered 

in the assessment of the suitability of the sludge for 

agricultural uses. Furthermore as pointed out earlier plant 

absorption of heavy metals is not always strongly correlated 

with total metals. Past studies discovered better association 

of plant heavy metal absorption with specific fractions. 

Cadmium and copper in plant grains were correlated with 

organic fraction of the metals while zinc being absorbed by 

plant was correlated with the reducible (oxide) fraction.  

The data presented generally show relatively low 

concentrations of the reducible fractions for most of the 

metals which may be partly explained by the low pH of the 

sludge. A further stabilization with lime addition may be 

necessary to increase the pH of the sludge and to reduce the 

mobility of the metals that may be released with organic 

matter decomposition with time through adsorption onto 

metal oxides and precipitation at higher pH.  

While the presence of significant fraction of the metals in 

the organically bound oxidizable form is a certain measure 

of immobility according to the plateau theory which 

increases with time with increasing application of sludge 

containing organic matter. The time bomb theory considers 

by contrast the immobility as being only temporary with the 

possibility of release of heavy metals as the organic matter is 

decomposed with time. Therefore, while the speciation 

analysis is useful insight in assessing the relative immobility 

of the metals it has to be supported by ongoing monitoring of 

the accumulation of metals in sludge and the corresponding 

bioavailability of the metals with time.  

Further plant trials with the prevailing soil conditions in 

Swaziland are necessary to obtain further information on 

bioavailability of the metals and their leaching potentials. It 

is known that addition of sludge to soil results in the 

redistribution of the heavy metals among the different 

fractions and the resulting fractions can be different from 

what has been revealed through sludge analysis. In addition 

the mobility and bioavailability of metals is further modified 

by soil texture and soil physico-chemical characteristics 

such as soil texture, pH, soil organic matter, presence of 

metal oxides, etc. The redistribution of heavy metal fractions 

may occur because of change in pH, organic matter content 

and other characteristics of the sewage-soil mixture [26]. 

The necessity for plant trials is further strengthened by the 

lack of consensus with respect to speciation analysis carried 

out by different researchers both on sludge and the soil 

partly due to the heterogeneity of the soil/sludge 

characteristics and partly because the method of 

determination of the speciation fractions are variable and no 

universal procedure has been adopted leading to results that 

may be difficult to compare with one another.  he text edit 

has been completed, the paper is ready for the template. 

Duplicate the template file by using the Save As command, 

and use the naming convention prescribed by your 

conference for the name of your paper. In this newly created 

file, highlight all of the contents and import your prepared 

text file. You are now ready to style your paper; use the 

scroll down window on the left of the MS Word Formatting 

toolbar. 
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